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ABSTRACT

The new bidentate ligand, 5-Chrolo-2-(phenylazaypye (Clazpy) is
a derivative of a known azo compound like 2-(phang)pyridine (azpy). Three
isomeric complexes of [Ru(Clazp®l,] were prepared by the reaction of
RuCk.3H,O with corresponding Clazpy ligand. The moleculéructures were
confirmed by X-ray diffraction analyses as found be tcc-, ctc- and ccc-
[Ru(Clazpy)}Cl,]. Results from spectroscopic data and cyclic voitetry (CV)
showed that the Clazpy ligand is a strangcceptor ligand like azpy but stronger
donor. The addition-elimination reaction cfc-[Ru(Clazpy}Cl,] gives rise to a
[Ru(Clazpy)(5dmazpy)G] complex (5dmazpy =N, N-dimethyl-2-(phenylazo)
pyridine) which is also achieved and fully charazed. The X-ray crystallographic
and CV data of this molecule supported that the|@ldigand is a bettex-acceptor
property than 5dmazpy but lessdonor.

Thectc-[Ru(Clazpy}Cl;] was used as a precursor to synthesize the
complexes of [Ru(Clazpy(L)](X)- (L = 2,2-bipyridine (bpy), 1,10-phenanthroline
(phen), azpy, Clazpy; X = REFNGs, CI). Moreover, [Ru(bpy Clazpy)](X) and
[Ru(phen)}(Clazpy)](X (X = PR, CI) were also synthesized via precursors
[Ru(bpy)Cl;] and [Ru(phenfCly], respectively. All compounds were fully
characterized by spectroscopic and electrochentesdiniques. Single crystals of
[Ru(Clazpy}phen](Pk)., [Ru(Clazpy)(azpy)](Pf). and [Ru(Clazpy(phen)](NQ).
.3.5H,0 were obtained.

Preliminary study of synthesized compounds withe¢ cancer cell
lines (Anti-NCI-H187, BC, KB,) revealed that thea@py ligand shows only active
for Anti-NCI-H187 but the isomeric complexes, [RIg&oy)»Cl;], show a moderate
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to strongly active in all cell lines. However, [Rié&zpy)(5dmazpy)G] displays no
effect to cancer cell lines. It is concluded tha Clazpy ligand in [Ru(Clazpygl;]

shows an effect to cytotoxic activity. In additioeplacing two chloro ligands ictc-

[Ru(Clazpy)}Cl;] give rise the ionic complexes, [Ru(Clazgy)]** (L = bpy, phen,
azpy, Clazpy; X = P§ NOs, CI) which show higher cytotoxic activity thasic-

[Ru(Clazpy}Cl,]. On the other hand, there is no observation tdtoyic activity in
[Ru(bpy)(Clazpy)f* and [Ru(phen)Clazpy)f".

The DNA-binding study of water-soluble compounds by
spectrophotometric methods, viscosity measuremanid electrochemical study
demonstrate that the interaction of CT-DNA with [Rlazpyy(L)]** (L = azpy,
Clazpy) is greater than that of [Ru(Clazgl)]** (L = bpy, phen). Moreover, bpy and
phen in [Ru(bpyXClazpy)|Cb.7H,O and [Ru(phenjClazpy)]Cb.8H,O show
different binding modes corresponding to their dgital cytotoxic activities to

cancer cell lines.
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THE RELEVANCE OF THISRESEARCH WORK

In this work the three isomeric complexes of (Razpy)Cl;] (Clazpy
= 5-Chloro-(2-phenylazo)pyridine) were synthesiz&teir chemical and structural
properties were determined by spectroscopic teciesigand X-ray diffraction
analysis. Redox properties were studied by cyclmtammmetry. Preliminary
cytotoxicity study of all isomers with three cana&ll lines result in moderately to
strongly cytotoxic activity with 1g values in range of 0.2-3pM. In addition, to
further synthesize the ionic compounds by replacimg chloro ligands in
[Ru(Clazpy)Cl,] with others bidentate ligands are useful in ayxatity testing.

This research work is useful to us for undeditagy in syntheses and
characterization of compounds. Moreover, the nemvpmmunds may be developed into

more effective medicinal drug i.anticancer agents in the future.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Since the first discovery of the antitumor activatycisplatin €is-
diamminedichloroplatinium(ll)¢is-[Pt(NHs).Cl,]) by Rosenbergt al., in 1969, many
other metal complexes have been investigated feir thossible applications as
antitumor agents (Zhang and Lippard, 2003). Congdebased on ruthenium, one of
the platinum group metals, have been proposed tmfml antitumor substances
(Vilaplanaet al., 2006).

Stable, inert and water-soluble octahedral comglexataining
spectroscopically active metal centers are valuallerobes of biological system
(Erkkila et al., 1999). For example, the isomers of [Ru(azplg), where azpy is 2-
(phenylazo)pyridine, were found to be reactive ragamor agents especially tlote-
[Ru(azpy}Cl;] complex €tc-indicating the coordinating atoms Cl, N(pyridinend
N(azo) in mutuatis, trans, andcis-positions, respectively az-[Ru(azpy}Cl,]). This
isomer has been reported to exhibit a remarkalgip bitotoxicity, even higher than
that of cisplatin in many of the tested cell linegsg. MCF-7, IGROV, and H266)
(Velderet al., 2000). So far, a few azoimine compounds haviriggstuent on the
pyridine ring have been extensively studied (Hadizal., 2004). On the other hand,
only a few studies on ruthenium complexes contgimmxed-azoimine ligands have
been reported. Such complexcis-[Ru(azpy)(bpy)Cll, where bpy is 2/2ipyridine,
showed its cytotoxicity mostly a low to moderateo{itet al., 2004).

In addition, replacing the chloro ligands@{Ru(azpy}Cl;] by other
bidentate ligands resulted in [Ru(azfi)](PFe). (L = azpy and bpy) which
displayed less cytotoxic than the parent dichloommplex (Hotzeet al., 2005).
Although nocis-chloro ligands are presented in [Ru(azfly)](PFs). molecule like
cisplatin, the cytotoxic activity have been observAt this point, one should also
consider the fact that ruthenium is octahedrallgrdmated in the two most common

oxidation states, +2 and +3, whereas platinum usmsgplanar. This difference might
1



have important consequences for the interactiorh witomolecules and thus
biological activity (Hotzeet al., 2004).

In order to investigate structure-activity relasbips, this work has
been focused on the syntheses of related complexesiriation of the active azpy
complex, [Ru(azpyll,] and replacing the chloro ligands by other bidentagands
to give new tris ruthenium complexes, [RuE) and mixed-ligand complexes
[Ru(L).L']**. We have also determined how variation of thevactizpy and changing
chloro ligand influence the electronic, structurahd cytotoxic properties of such
complexes.

In previous work, binding studies of small molectdeDNA are very
important in the development of new therapeutigeaés and DNA molecular probes
(Liu et al., 2006). Metal complexes have been investigatedheir DNA binding
affinities. The binding modes are dependent on rthaze, functions and
stereochemical properties. Generally, the intesactvith DNA has occurred as non-
covalent interaction fashion such as electrostatiding for cation with DNA (Jiang
et al., 2003), groove binding for large molecule (Yat@l., 1997) and intercalative
binding or partial interactive binding for the péanmolecules or compounds
containing planar ring systems (Tahal., 2007). For the past research, the useful
application of such complexes generally requireat tthey bind to DNA by
intercalation of the main ligands. Thus, the vaajamty of studies have been focused
on modifying the intercalative ligands (Tanal., 2007; Liuet al., 2006). In contrast,
investigations on the influence of the ancillargalnds of ruthenium(ll) complexes
have been relative few. Since the octahedral Raflihplexes bind to DNA in three
dimensions, the ancillary ligands can also playiraportant role in governing the
DNA-binding of these complexes. It is interestingstudy the effects of the ancillary
ligands on the interaction and the binding modethdse complexes to DNA.
Therefore, bpy and phen were selected as ligands rdthenium to give
[Ru(bpyk(L)]* and [Ru(phen)L)]** (L = Clazpy) and compared the results with
[Ru(Clazpy}]**. These data may also helpful to explain how thallsdifferences of
ancillary ligands influence on DNA binding propesi

Herein, we report the synthesis a new azoimiganll, 5-Chloro-2-
(phenylazo)pyridine (Clazpy) and preparing of [Ria@py)Cl,] used as a precursor



for syntheses a mixed-azoimine complex [Ru(ClaZmn{azpy)C]] and
[Ru(Clazpy}(L)I(X)> (L = bpy, phen, azpy, Clazpy; X = BPF NGs, CI).
Characterization of these complexes was also ssittgs by spectroscopic
techniqgues and electrochemical method. The DNAibmdoroperties of water-
soluble complexes toward CT-DNA were explored byiotgs physico-chemical and
biochemical techniques including UV/Visible, flusoence, viscometric titration, and
cyclic voltammetry. Moreover, [Ru(k(Clazpy)](X) (L = bpy and phen; X = RF
CI') were synthesized and compared the effect oflangiigand on DNA interaction.
We hope that our results will aid in the understagdDNA binding by Ru(ll)
complexes, as well as using the foundation for rditéonal design of new potent

anticancer agent.
1.2 Background
1.2.1 Cisplatin

Cisplatin is very simply inorganic molecule havim@latinium as
metal located in center and surrounded with ammamel chloro ligands,
[Pt(NH5).Cl,], shown in Figure 1.1. It is reported that cisplatan covalently bind to
DNA primarily through the N donors of guanine (Riged2003; Clark, 2002).

H3N///, . ‘\\\\\\C|
. Pt.\\
HN" N

Figure 1.1 The structure of cisplatin

It is highly effective for the treatment of testi@uand ovarian cancer
and is used in combination regimens for a varidtyther carcinomas, including
bladder, small cell lung and head and neck can@abec and Novakova., 2006).
However, its application is still limited to a relaely narrow range of tumors. Some
tumors have natural resistance to cisplatin, wbiteers develop resistance after the
initial treatment. Moreover, cisplatin is adminrg@ intravenously due to its limited
solubility in water and has severe side effects fdv@nd Giandomenico, 1999).



These limitations have encouraged a search for reffeetive and less toxic other
metal based-anticancer agents, for example cariop(d) closed analogues to
cisplatin and nedaplatin (2) (Wong and Giandomenik@®99). However, very few
active of these complexes were found. Thus, theckefar new anticancer agents

with other metal has been studied.
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Figure 1.2 The structures of carboplatin (1) and nedapi@)jn
1.2.2 Ruthenium(ll) complexes

Ruthenium is one of the second transition seriesehts and has
electronic configuration [Kr]4®s'. The common oxidation state is 2+ and 3+.
Generally, trichlororuthenium(lll) hydrate, RuH,O has been used as starting
material for syntheses of new ruthenium compoun@ecently, majority of
ruthenium(ll) complexes have been chosen becausé) athe kinetically inert
character of the low-spin°dpecies, (i) their intense metal-to-ligand chamgasfer
(MLCT) bands in the visible spectrum and (iii) maolyemical and spectroscopic
properties of these complexes have been establifBadon et al., 1984). The
complexes with polypyridine and azoimine have beetensively studied (Santre,
al., 1999).

The coordination chemistry of polypyridyl ligana@wing a-diimine 1,
is widely studied as it includes bidentate ligands 2,2-bipyridine (bpy) and 1,10-
phenanthroline (phen). These ligands a&cceptor and when they bound to Ru(ll),
characteristic metal-to-ligand charge transfer (MIL.Gands arise in the visible region
of the electronic absorption spectra.



Several ruthenium(ll) complexes containing suctardigs is that [Ru(bpy)** and
[Ru(dcb}(X),] (dcb = 4,4COOH)-2,2-bipyridine and X = C| Br, I, SCN, H,0)
used as the most efficient and stable redox seesitin nanocrystalline TiOsolar
cell for conversion light-to-electrical energy (Mey 1997). The other useful
complexes are [Ru(phei)]** where L is 2-(8phenoxypheyl)imidazo[4,5-f]-[1,10]
phenantroline (MPPIP); 2-tiphenyl)imidazo[4,5][1,10]phenanthroline (BPIP)
used as probe in DNA conformation (Tanal., 2007). Besides, the complex of
[Ru(phen)(taptp)f* (taptp = 4, 5, 9, 18-tetraazaphenanthreno[9,1GsbEnylene)
acts as luminescent probes in DNA conformation (Zkeal., 2000). However, these
several applications could be due to the diffedr@mical properties of the ligands.

Besides polypyridyl, the azoimine functionaltys isoelectronic with
1 but is expected to be a significant betteacceptor ligand because of greater
electronegativity of nitrogen compared to carbor-N&aimi et al., 2006). The
chelating ligand of this type is able to stabilinetals in their lower oxiadation state
which have been reported previously (Doughal., 2006). One of these ligands is 2-
(phenylazo)pyridine (azpy). The cytotoxic propestief isomers and derivative of
[Ru(azpy}Cl,] (azpy = 2-(phenylazo)pyridine) have been invedgd in several
cancer cell lines. In particulat:-[Ru(azpy}Cl,] was found to be highly active against
a range of cancer cell lines, with cytotoxicity quamable to cisplatin (Veldest al.,
2000). Additionally, they have been used as caitdlys epoxidation reactions of
olefin to give epoxide (Barf and sheldon, 1995).

In the present work, it is interesting in octahdginauthenium(ll)
complexes due to their proposed application aguemtir agents and other advantage
reasons, (i) the stable complexes with predictabigctures can be prepared through
reliable methods; (ii) the shape selectivity of ttmmplexes can be improved by
functionallization of the ligands; (ii) the knovwdge of the biological effects of

ruthenium complexes can be greatly developedétal., 2007).



1.2.3 Theisomeric complexesof [Ru(L).Cl;]

The chemistry of ruthenium(ll) with arylazopyridihave been special
interest in the coordination chemistry. In theaa&ty, the pseudo-octahedral
complexes of the formula, [Ru?lq pOl,] with unsymmetric chelating ligands may
exist in five geometrically isomeric forms as showrkigure 1.3 (Misrat al., 1998).
The isomers are assigned in terms of sequencesoadinating pairs Cl; N(pyridine)
and N(azo). Two isomergans-trans-trans and trans-cis-cis belong totrans-RuCh
configuration whereas three isomesis-trans-cis, cis-cis-trans andcis-cis-cis belong
to cissRuCk configuration (Mathuet al., 2006). In this work, only three compounds;
green, blue and purple in color are isolated amdicoed their structures dsans-cis-
cis (tce), cis-trans-cis (ctc) andcis-cis-cis (ccc) configurations. Since the structure of
Clazpy is an asymmetric bidentate ligand, thenringple, the six coordinations of
[Ru(Clazpy)}Cl,] gives five possible geometrical isomers (Figur8) 1similar to

[Ru(azpy}Cl,] complexes.
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Figure 1.3 Five possible isomers of [Ru(Clazp§),] complexes



1.2.4 DNA-binding experiments

1.2.4.1 DNA

Double helical DNA has many conformations, suciAaB, C, D and
Z forms, but the B form is regarded as the mostrmomright-handed duplex. Each
conformation has a characteristic of width and degtich together results in the
distinctive shape associated with this helical fofithe Z form is left-handed helix
which is long and slender. The major groove isantfa shallow, almost convex
surface, and the minor groove is a narrow crevigzagging in a left-handed fashion
along the side of the major groove. As such theycaite amenable to probing with
transition metal complexes (ial., 1999).

In this work, Calf-Thymus DNA was chosen to stuldg interaction
with synthesized water-soluble complexes. In WaiSack double helical DNA, N3
of thymine bases would not be expected to be auailfor binding to ruthenium(ll)
because N3 is involved in hydrogen-bonding in haames. Only N7 coordinated to
ruthenium as evidenced by both the increase inrphen peak intensities and
hypochromism shifts (Nakabayas#tial., 2006). The major noncovalent interaction
that determine the structure and function of bie®uoles are electrostatic and
hydrophobic interactions. Electrostatic interactioeludes hydrogen bonding, and
van der Waals forces (Hortoa al., 1996). Thus the nature of interaction is
determined by the characteristic of the metal cemplecause all cationic metal

complexes exhibit electrostatic interactions witlyanionic DNA molecule.

1.2.4.2 Type of DNA-binding modes

Generally, metal complexes bind to DNA by electtstinteractions,
classical intercalation, or a combination of bothe different binding modes come
from various types of forces or processes resptanfib a decrease of the free energy
of the system (electrostatic interactions, hydrogending, London dispersion forces,
an entropy increases for the hydrophobic interac(ding et al., 2004). For the
previous report, there are mainly three possibtedibg modes between DNA and



complexes: (i) an electrostatic interaction thdests the negatively charge phosphate
outside the DNA double helix; (ii) the interactiaith groove of DNA involved direct
interaction of the bound molecule with the edgedbade-pairs in grooves of DNA
strands (Yauet al., 2002); (iii) an intercalation model in which thase pairs of DNA
unwind to accommodate thestacking of a ligand and intercalating agent (Astzu,
M., 2006). Thisn-stacking interaction requires the intercalatingahd to be a flat,
extended aromatic system, which is annulated waterocyclic rings, e.gpyridine
and pyrazine (Jingt al., 2004). The former mode causes a slight changieeiibNA
structure, whilst the later lead to lengthening andiinding of the DNA helix (Yaet
al., 2002). However, the DNA-binding affinity depenats the conformation of DNA,
the size, shape, chirality, and hydrophobic charact the complex as determined by

the chemical structure of the ligands of the comple

1.2.4.3 Ethidium Bromide (EB)

Ethidium bromide, the common name for 3,8-diamipekdyl-6-
phenylphenanthridinium bromide (Figure 1.4), isdus®study viscosity measurement

and fluorescence quenching experiment in DNA expenit parts
(http://www.purdne.edu/REM/nmm/ethidbr.htm).
Br+/

(

Figure 1.4 The structure of Ethidium bromide (EB)

It is aromatic having the main portion of the malkecis a tricyclic
structure with aniline (aminobenzene) groups oteeitside of a pyridine. The
dibenzopyridine structure is known as a phenantigidThe reason for intense
fluorescence of ethidium bromide after binding WitNA is probably not due to rigid
stabilization of the phenyl moiety, because thenghang has been shown to project

outside the intercalated bases. It is in fact ttieg phenyl group is almost



perpendicular to the plane of the ring systemotiites about its single bond to find a
position where it will about the ring system miniipa Consequently, the
hydrophobic environment between the base pairsvali® in place to DNA. By
moving into this hydrophobic environment and awegnt the solvent, the ethidium
cation is forced to shine any water molecules Were associated with it. As water is
a highly efficient fluorescent quencher, the remafahese water molecules allows
the ethidium to fluoresce. Therefore, EB is the gwn stain for double-stranded
DNA and RNA (From http://en.wikipedia.org/wiki/Ethum_bromide).

1.2.4.4 Buffer

Since it is desirable to study many biochemicattieas near
physiological pH, there is a particular need foxtmies that buffer the pH in the pH
range 6.5-8.0 (Mathews and Holde, 1996). In thisrkwahe buffer of Tris
(hydroxymethyl)aminomethane was chosen becausehemically stable, readily
soluble in water and not be readily extracted lgaaic solvent (Perrin and Dempsey,
1979). Indeed, it is to mention that in biochemigaestigation, a good buffer
remains nearly constant when small amounts of gtemidic or basic materials was
added. The ability of a solution to resist changgsH is known as its buffer capacity
(Horton et al., 1996). In addition the effects of ionic inteianos on the behavior of
biological macromolecules are necessary to be dereil by biochemist who must
pay attention to both ionic strength and pH. Expernters usually use a neutral salt
(like NaCl and KCI) to control the ionic strengtha solution, as well as a buffer to
control pH (Mathews and Holde, 1996). Some vargetiebuffer systems were used

to study the interaction in physiological rangel{lEal.1).
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Table 1.1 Some common buffer systems employed for biochersicalies

Composition pH range
Glycine and HCI 1.0-3.7
Acetate and acetic acid 3.7-5.6
KH,PO,and KHPO, 6.1-7.5
Tris (hydroxymethyl)aminomethane and HCI 7.2-9.0
Carbonate and hydrogen carbonate 9.2-11.1
Na;HPO, and NaOH 11.0-12.0

4 a a 4 4 a [
(SourcenaNIINAIFUAL AULINGINAAT JWIAINTANNIINGAY, 2541)

1.3 Review of Literatures

For the past decade, the chemistry of rutheniuro@ihplexes has received
attention since 1980 to present according to th&resting properties in many areas.

1.3.1 Chemistry of ruthenium(l1) complexes

Krause and Krause, (1980) initially reported ruther(ll) complexes
with azoimine ligand. [Ru(azpyGl;] (azpy = 2-(phenylazo)pyridine) was synthesized
and isolated as three isomeric forms. One of ties@ns-isomer that referred to a
pair of chloride atoms. Others wergs-isomer; cis-trans-cis and cis-Cis-Cis.
Characterization was carried out by IR, UV-Visildbsorption spectroscopy. The
results from cyclic voltammetric data revealed thapy acts as a betteracceptor

than bpy in [Ru(bpyCl,] complex to stabilize Ru(ll) center.

N\ 7\
N N=—

azpy
Figure 1.5 The structure of 2-(phenylazo)pyridine (azpy)
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Goswami and co-workers, (1981) were interestetiersintheses of
RuX,Cl, and [Ru(bpy)L](ClO4).H,O where X were CI, Br, | and L is 2-
(phenylazo)pyridine (azpy) or 2r{tolylazo)pyridine (tap), bpy = 2:bipyridine.
These complexes were characterized by spectroscdpahniques. Their
electrochemical behavior showed that complex haamgmine moiety of azpy is a
better potentiatk-acceptor ligand than imine ligand of bpy to stiakilower oxidation

state of ruthenium. These results were comparedl thiise of [Ru(bpy]** andcis-
[Ru(bpy)Cla].

azpy, R =H 2 dipyridine (bpy)
tap, R = CHl

Figure 1.6 The structure of 2rftolylazo)pyridine (left) and 2’sipyrdine (bpy)
(right)

Krause and Krause, (1984) attempted to demongtrateffect of
a substituent on the phenyl ring of 2-(phenylazoyjiye (azpy) by preparing
ruthenium(ll) complexes of 2-((4-nitrophenyl)azojpyne (NAz), [Ru(NAz}Cl,].
The chemistry and electrochemistry behaviors of teemeric [Ru(NAZz)Cl]
complexes showed interesting properties. The rebletavior of [Ru(NAz)CIy]
showed Ru(Il)/(1l1) couple greater than that of [Rzpy)}Cl,]. This result impies that
the NAz ligand having the inductive nitro groupsisongr-acceptor to stabilize the

lower oxidation state of Ru(ll).

\ 7\

N N— NO,

Figure 1.7 The structure of 2-((4-nitrophenyl)azo)pyridineAy
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Seal and Ray, (1984) presented the molecular steiof two isomeric
forms of [Ru(azpyCl,] as ctc- and ccc- configuration which two coordinated
chloride ions in theis position and differ in the mutual orientation detbidentate
ligand. Thectc-isomer indicates the coordinating pairs Cl, N(gyre), and N(azo) in
mutual cis, trans, and cis-positions, respectively ot-[Ru(azpy)Cly]; ccc-isomer

mean coordinating atoms CI, N(pyridine), and N(aasx)is, cis, cis-positions.

Barf and Sheldon, (1995) studied the useful apptinaof isomeric
complexes of [Ru(azpyl;]. They were twais-isomers &, £) and ondrans-isomer
(») and used them as catalysts for epoxidation @asbf olefin to give epoxide.
Results from study indicated that the bothBgRu(azpy}Cl,] and »<[Ru(azpy}Cl;]
complexes gave good selectivity howewefRu(azpy}Cl;] gave both lower

conversion and selectivity.

Munshiet al., (1998) developed the direct and convenient pro@dur
for the synthesis of importastc-[Ru(L).Cl;] isomer €tc = cis-trans-cis with respect
to chlorides, pyridine and azo nitrogens, respebtil. = NGH4-N=N-CsH5(R), R =
H, o-Me/Cl, m-Me/Cl, p-Me/Cl). The chemistry of these complexes was stlidig
spectroscopic and electrochemical techniques. €hkelts from cyclic voltammetric
data showed that the stability of complexes depgmatenature and specific location
of the substituents present in the phenyl ringhef ligand. The presence of electron

donating group decreased the metal oxidation patent

— R — R —
) o= o=
Q_Q \_4 —C} TN N

R =H, Me, Cl

Figure 1.8 The structure of L (L = N&H4-N=N-CsH5(R); R = H,0-Me/Cl, m-Me/Cl,
p-Me/Cl)
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Misraet al., (1998) showed two isomeric complexes of each
[Ru(L).Cl,] complex (L = 1-methyl-2-(arylazo)imidazole;;Land 1-benzyl-2-
(arylazo)imidazole; ). Single crystal X-ray diffraction analysis supigal thetrans-
cis-cis and cis-trans-cis isomers of bis-compounds. The spectroscopy, Re.UV-
Vis, NMR was used to determine the chemistry aretestchemistry of these
complexes. The results from electrochemical bemavéhowed that these
azoimidazole ligands were betteiacceptor ligands than imine like bpy and phen but
were weaker than that of azpy. Furthermore, theenitim-imidazole complexes were

of interest for their antitumor activities.

N/
\ CH2
WN\\ < > X= CHg, :
N R

R=H, CH;, OCH;, Cl, NG,

Figure 1.9 The structure of L (L = 1-methyl-2-(arylazo)immtde; Ly and 1-benzyl-

2-(arylazo)imidazole; )

Santraet al., (1999) synthesized the neutral complex of
[Ru(aapm)Cl,] (aapm = 2-(arylazo)pyrimidine). After isolatiothree compounds
were obtained agans-cis-Cis, cis-trans-cis andcis-cis-cis (indicating as a pair of Cl,
N(pyrimidine); N(azo), respectively). Two of therd¢le isomersctc and ccc, were
studied the structures by X-ray Crystallographye ®pectroscopic techniques and

electrochemical study were also used to investitigehemistry of these complexes.

Ly

aapm

Figure 1.10 The structure of 2-(arylazo)pyrimidine (aapm)
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Panneerselvam al., (2000) reported the crystal structure of the
[protonated 2-(phenylazo)pyridine and protonatdty@iroxylazo)pyridine (3:1)]
tetrafluoroborate compound. The results from Xdata indicated that the
protonation occured at N(azo) atom which was masadity than N(pyridine). The
azpy compound was normally liquid at ambient terapee but this crystal structure

was stabilized by intramolecular H-bonding, N-H-hda/an der Waals force.

Velderet al., (2000) presented the isomeric complexeg,af-, -
[Ru(azpy)Cl;] which «, S, y referred tacte, ccc, tcec configurations. All complexes
were tested with several tumor cell lines beeast cancer, ovarian cancer, non small
cell lung cancer and colon cancer. The result sdawat o-[Ru(azpy}Cl;] isomer as
a potent complex inhibited more proliferate of @mneells than the other forms. In
addition, the structure afc isomer was confirmed by a single crystal X-ray
diffraction and it was found that tiec had two chloride atoms imans position, but
the N(pyridine) and N(azo) groups werecia geometry. Furthermore, the binding of
DNA bases to thetc-[Ru(azpy}Cl,] was studied and compared with the similar
complexes such ass-[Ru(bpy)Cl;]. The binding of thetc isomer with guanine and
purine base was sterically less hindered thaninhas-[Ru(bpy)Cl;] complex.
Therefore thetc-isomer was found to show high cytotoxicity agamseries of

tumor-cell lines.

Hotzeet al., (2000) reported the synthesis and charactevizat o~
[Ru(azpy}(NOs),] which prepared via the precursor @f{Ru(azpy}Cl,] having as a
potential substance for cytotoxicity against a eserof tumor cell lines. X-ray
diffraction analysis and nuclear magnetic resonaspectroscopic techniques have
been used to determine the accuracy structureeditte compound. Binding study of
a-[Ru(azpy}(NOs),] with guanines derivative revealed that this coempkxactly
bound guanine via the N7 atom. Interestingly, thi@mgne derivatives of 9-EtGua
coordinated to thex[Ru(azpy}] moiety could have two orientations, whereas 9-

EtGua coordinated to thees-[Ru(bpy)] moiety was fixed in one orientation.
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Byabarttaet al., (2001) prepared ruthenium(ll) with 1-alkyl-2-
(napthyl-( p-azo)imidazoles or abbreviated @§-NaiR where R is Me, Et, and Bz.
Two isomeric forms, [Ru(NaiREI,] were obtained as greenish-blue and blue in color
of complexes. The synthesized complexes were clegized by spectroscopic
techniques i.einfrared (IR), ultraviolet-visible absorption (UVisible), nuclear
magnetic resonance (NMR). The structural geometag wivestigated by X-ray
diffraction analysis. The electrochemical behawbcompound was studied by cyclic

voltammetry.

Hotzeet al., 2002 investigated the interaction @{Ru(azpy}Cl,] and
cis-[Ru(bpyxCl;] with the DNA model base, 9-methyladenine (9-MeAtegive a-
[Ru(azpy}(9-MeAde)]|(PF). (1) and cis[Ru(bpyx(9-MeAde)|(Pk). (2).
Characterization was carried out by 2D NMR (COSY ayOESY) and variable
temperature NMR studies. It was found that in bmimpounds 9-MeAde is present
in its rare neutral imine tautomeric form, appahsergtabilized by the chelating
coordination via its N7 and exocyclic N6 atoms. $ltloe difference in cytotoxicity of
the parent chloride complexes could not be expthimy differences in the

coordination of 9-MeAde around the ruthenium center

H; \; >/H3

HN—Ru'—N”N

Figure 1.11 The structures a#-[Ru(azpy}(9-MeAde)](Pk). (1)and
cis[Ru(bpyx(9-MeAde)](PFk)2 (2)
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Hotzeet al., (2003) presented a new series of water-solulnigptexes;
a-[Ru(azpy)(cbdcaO,0)] (1);  a-[Ru(azpyy(ox)] (2); a-[Ru(azpyy(mal)] (3)
(where cbdca,0 = 1,1-cyclobutanedicarboxylate; ox = oxalate; mainalonate).
The single crystal X-ray diffraction studies of bot and 2 were reported. Their
original « configuration was retained during the reactionregpond to the
coordination pairs O, N(pyridine) and N(azo) in @rdo cis-trans-cis (ctc). The
cytotoxicity of these new water-soluble bis(2-(pylazo)pyridine)ruthenium(ll)
carboxylato complexes was described and comparéuetoytotoxicity of the parent
compounds, [Ru(azp@ly]. It was shown that the cytotoxicity data of 1, 2,
compared to the parent complex results in a deered activity but a parallel
increase in water solubility when these compounsl leen tested in A2780 (human

ovarian carcinoma) and A2780cis (cisplatin-resistaiti lines).

OM; «/LT;
| Qi

=

QE
o
(M2

A2

3

Figure 1.12 The structures of-[Ru(azpy}(cbdca©,0)] (1); e-[Ru(azpyy(ox)] (2);
a-[Ru(azpy}(mal)] (3)
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Hotzeet al., (2004) synthesized a water-soluble derivativazgy, 2-
phenylazopyridine-5-sulfonic acid (Hsazpy). It wased for the synthesis of the
corresponding dichlorobis(Hsazpy)ruthenium(ll) céexes, [Ru(HsazpyLly]. Its
structure was confirmed ass-trans-cis configuration considered in order to the
coordination pairs of Cl, N(pyridine) and N(azogspectively. The cytotoxicity of
ctc-[Ru(Hsazpy)Cl;] has been determined by mean ofpNalue and compared with
the activity of the related and highly cytotoxic-[Ru(azpy}Cl,]. The results showed
that the IGyvalue ofctc-[Ru(Hsazpy)Cl,] against the human ovarium carcinoma cell

lines A2780 is exceed 1Q@M, which identified the compound as non-cytotoxic.

Hsazpy
Figure 1.13 The structure of 2-phenylazopyridine-5-sulfonicdaéisazpy)

Hotzeet al., (2004) presented the synthesis and charactenzat the
three isomersy-, a-,f-[RuL,Cl,] with L = o-tolylazopyridine (tazpy) and 4-methyl-2-
phenylazo)pyridine (mazpy) by NMR spectroscopy. dddition, the molecular
structures ofy-[Ru(tazpy}Cl;] and a-[Ru(mazpy)Cl,] were determined by X-ray
diffraction analysis. The I§ values of geometrically isomer [Ru(tazgy),] and
[Ru(mazpy)Cl;] complexes compared with those of the parent [Bu(aCl,]
complexes were determined in a series of human rtwab lines such as breast
cancer, ovarian cancer and colon cancer. The relsaWed that the-isomer showed
a very cytotoxicity, whereas thgisomer was a factor 10 less cytotoxic. Howeveg, th
isomers of [Ru(tazpyrl,] and [Ru(mazpyCl,] displayed a very high cytotoxicity
comparable to that of theisomer of the parent compound [Ru(az@})] and to that

of the a-isomer.
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— H3C
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tazpy mazpy

Figure 1.14 The structures ad-tolylazopyridine (tazpy) 4-methyl-2-
(phenylazo)pyndi(mazpy)

Hotze et al., (2004) studied the synthesis of a mixed-ligand
complex,a-[Ru(azpy)(bpy)CJ] and its structure has been determined by X-ray
structure analysis. Although the[Ru(azpy)(bpy)Cl] showed a low to moderate
cytotoxicity in several cell lines (A498, H226, M1BICF-7), it was an interesting
compound to compare the cytotoxicity @{Ru(azpy)(bpy)C]] with those of the
highly cytotoxic o-[Ru(azpy}Cl,] and inactive cis[Ru(bpy)Cl;] described
previously. The isomerization af-[Ru(azpy)(bpy)Cl] with DNA model base 9-
ethylguanine (9-EtGua) was studied and comparecedslt with its cytotoxicity to
both o-[Ru(azpy}Cl,] and cis[Ru(bpyhCl;]. The results indicated that the
isomerization process of coordinated 9-EtGua{&®u(azpy)(bpy)C] influenced its
cytotoxic activity by the fact that only part ofethactivetrans-Nazo 9-EtGua adduct”
was converted to the inactit@ns-Nbpy adduct.

Figure 1.15 o-(trans Nazo 9-EtGua) and-(trans Nbpy 9-EtGua) of
[Ru(azpy) (bpyXesGua)(HO)]**
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Velderet al., (2004) presented the new isomeHdRu(azpy}Cl,]
complex. This structure has been determinedHbyNMR spectroscopy and single-
crystal X-ray diffraction analysis, and was athns-isomer (two chlorides, two
nitrogen from pyridine and two nitrogen from azb).this work, &[Ru(azpy}Cl;]
was compared and discussed with other forms of dBw(}Cl;] with 1D and 2D
NMR.

Kooijmanet al., (2004) described crystal structure of [Ru(dazplg]
(dazpy = 2-phenylazo-4,6-dimethylpyridine) whichcngstallize from CHG and
diethyl ether. The results showed that the dazpgadordinated to ruthenium in
distorted octahedral geometry in the so-cadedonfiguration €is-trans-cis of two
Cl, two N(py) and two N(azo), respectively). Thatdrtion was due to the small bite

angle of the dazpy ligand.

H3C
/ N
.
H4C
dazpy

Figure 1.16 The structure of 2-phenylazo-4,6-dimethylpyrid{dazpy)

Chenet al., (2006) studied the electronic and geometriccsiines of a
series of isomeric complexes, a-, (-, &, &[Ru(azpy)}Cl,] using the density
functional theory (DFT) method and compared theitucture relationship to
antitumor agent properties. The results showedttiestructure of-[Ru(azpy}Cly]
was more advantageous to the DNA-binding affiniigrte- and g-form. In addition,
the antimetastatic activity af, &[Ru(azpy}Cl,] complexes have been predicted and
summarized that the anticancer activityRu(azpy}Cl,] was higher than that of
[Ru(azpy)Cl,] but &[Ru(azpy)}Cl,] was thermodynamically labile, whereas the
activity of e&-[Ru(azpy}Cl,] lied between those at- andg- form.
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Ye et al., (1995) studied the complexes of [Ru(Behen)](CIQ)..
H,0 and [Ru(bpyy)(Me-phen)](ClQ).. They reported the synthesis, spectral
charecterization and single crystal structuresodhi ltomplexes. The results from X-
ray data indicated that the Ru-N(bpy) and Ru-N(plemd distances were
comparable and as expectedwdiackbonding interaction which involved of each

ligand in the coordination sphere.

Byabarttaet al., 2003 studied the synthesis and characterizaifon
hetero-tris-chelates complex, [Ru(HaaiMphen)](CIQ), (HaaiMe = 1-methyl-2-
(phenylazo)imidazole, phen = 1,10-phenanthrolifd)e stereochemistry about Ru
center was compared with the parent completc-[Ru(HaaiMe}Cl,] and
stereochemistry about Ru was retained. The X4ragtire determination suggested
formation of atrans-cis isomer with reference to coordination pairs ofrN¢lazole)

and N(azo).

Hotze and co-worker (2005) reported the synthegiRa(L)3](PFs)2
(L = 2-phenylazopyridine oo-tolylazopyridine) and [Ru(do(L")](PFe) (L, L" = 2-
phenylazopyridine, 2/dipyridine) and characterization was carried oyt MMR
spectroscopy. Only two compounds,mer-[Ru(azpy}](PFs). and mer-
[Ru(tazpy}](PFe). (tazpy = o-tolylazopyridine) have been determined by X-ray
diffraction. Interestingly, the cytotoxicity datéthese tris(chelated) complexes with a
series of human tumor cell lines (A498, EVSA-T, B2EGROV, M19, MCF-7 and
WIDR) showed a moderate cytotoxic activity eventigio nocis chloride ligand such
in the parent complex, [Ru(azp@.. This would imply that the 2-
(phenylazo)pyridine ruthenium(ll) complexes acted & different mechanism form
the well-known cisplatin. This different mechanisras important to study how their
structural complexes effected to cytotoxic actiatyd to give information to design a

new anticancer drugs later on.
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Hansongnernet al., (2007) reported the X-ray structure of
[Ru(azpy}(bpy)](PFs). which was synthesized from the precursgfRu(azpy}Cls]
corresponding to mole ratio of bpy in ethanoliausioin. The X-ray result showed that
the configuration of the title compound is retaingth two coordinated azpy and one
bpy ligand. In addition, this data confirmed thapyawas a bettet-acceptor than bpy

to stabilize metal center.

1.3.2 Interaction between ruthenium(l1) complexes with DNA base pair

Vliet et al., (1994) reported the interaction ak-[Ru(bpy)Cl;] with
model compounds for guanine. This study proved ¢rsfRu(bpy)Cl,] bound only
one 9-alkylated quinine derivative at the N7 s@e&ce the N7 sites of adenine and
guanine had a nucleophilic character, it was alkdldor a metal complex when

located in the major groove.

g ~ /> R, = Me, R = H 9mhyp
R WP v Ri=Et, R=NH, 9egua
Ry

Figure 1.17 The structure of 9-alkylated quinine derivatives

Naing and co-worker (1995) reported the spectioisc titrations,
emission measurements, circular dichrorism (CD) @matoactivated reactions which
have been used to study the interaction of thetemmaars of [Ru(bpyphi]Cl, and
Ru(phenm)phi]Cl, (phi = 9,10-phenanthrenerquinonediimine) with dif&
compositions of polynucleotides. From data showed the phi ligands intercalates
between the base pairs of polynucleotides. In snidithere were no emission and

photoactivated cleavage activities between enamtis@nd polynucleotides.
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Liu et al., (2001) investigated the synthesis and charactigon of
[Ru(dmpy(dppz)f* and [Ru(dmb)dppz)f* (dmp = 2,9-dimethyl-1,10-
phenanthroline; dmb = 4;dimethyl-2,2-bipyridine). Interaction of both compounds
with DNA has been studied and compared the effé@ngillary ligands, dmp and
dmb, on the DNA-binding behaviors. The X-ray stanetof [Ru(dmp)dppz)f* was
useful data to explain how substitution on ther®d 8-positions of the ancillary phen
ligand may cause strict steric constrains nearctite of Ru(ll) when the complex
intercalates into the DNA base pairs. This stemevented this complex from
intercalating effectively. The results from spestrapic techniques and viscosity
measurement showed that the [Ru(difgppz)f’ complex was less efficient

intercalator than [Ru(dmh(ﬁppz)f*.

H4C CHg3
7 N\ \
. -
e dmp % dmb
Figure1.18 2,9-dimethyl-1,10-phenanthroline (dmp)’ddimethyl-2,2-bipyridine

(dmb)

Vaidyanathan and Nair, (2002) introduced the [Run(ip),|Cl,
complex where bzimpy was 2,6-bis(benzimidazol-2Gtaracterization was carried
out by spectroscopic techniques. The DNA-bindifgneay was studied by absorption
titration, viscosity, fluorescence and photophysaperties. These results showed
that the title complex bind to DNA via surface bimgl In addition, photoexcitation of
the complex in the MLCT region in the presencelamid DNA have been found to

give rise to nicking of DNA.

Figure 1.19 The structure of 2,6-bis(benzimidazol-2-yl) (bpyn
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Zhang and Lippard., (2003) reported the develogroEmetal-based
therapeutics. Since the discovery of cisplatin,eptmetal-based chemotherapeutic
compounds have been studied for potential medi@palication i.e ruthenium and
gold. These complexes have investigated for mealicapplications i.e. antitumor

agents.

Hanet al., (2004) introduced the molecular modeling metkdudch
has been applied to study the structural charaet®on of the interaction of transition
metal complexes containing the ligands such as pipgn, dpq, dppz, tpphz and phi
with B-DNA. The optimum binding position of eachngplex to DNA was found by
exploring the shape of complexes which fited ba#t the intercalation site and these
data could be used to consider compared with teeiqus experimental data. Thus,
the modeling results should extend the knowledgthefnature of binding of these

complexes to B-DNA.

N N N IN
|
[

dpq dppz
| = = |
N N
(XX
= N N/ IN

I
e
tpy phi tpphz

Figure 1.20 The structure of phen = 1,10-phenanthroline, bpy,i-bipyridine,
dpgq = dipyrido[3,2-d:23-flquinoxaline, dppz = dipyrido[3,2-d;2-c]phenazine,
tpphz = tetrapyrido[3,2-a-3-c:3’,2"-h:2" 3"-flphenazine, phi = 9,10-phenanthrene

quininediimine
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Maheswari and Palaniandavar, (2004) describethteeaction of a
series of mixed ligand complexes of the type [Ru{Mdiimine)]Cl,, (where diimine
= 2,2-bipyridine (bpy), 1,10-phenanthroline (phen), Hifethyl-1,10-phenanthroline
(5,6-dmp), 4,7-dimethyl-1,10-phenanthroline (4,7pdm2,9-dimethyl-1,10-phenan
throline (2,9-dmp), 3,7,4,8-tetramethyl-1,10-phehaviine (Mephen)) with calf
thymus DNA. Their interaction has been studied bing absorption, emission and
circular dichlorism spectral measurements, viscoynatd elctrochemical techniques
showed that the [Ru(Nh(diimine)** complexes bound to CT-DNA through their

diimine rather than Ngi‘face’.

Nakabayashet al., (2004) reported the synthesis and charactevizati
of ruthenium(ll) complexes, [Ru(pheA)]"™ (n = 1,2; AA = gly, L-ala, L-arg) and
[Ru(phen)]?*. The interaction of these compounds and [Ru(pfiényith DNA have
been examined by absorption, luminescence and lairaichorism spectroscopic
methods. The results showed that all the MLCT barfidse ruthenium(ll) complexes
exhibited hypochromism and red shifts in the presesf CT-DNA.

Jing et al., (2004) presented three ruthenium(ll) complexésao
[Ru(I)(bpy)2(L)]?** where L are 1,10-phenanthroline derivatives of mmimle (1),
having at position 2a-naphtyl (2), 3-methoxy-4-hydroxy-phenyl (3). TheNB-
binding with these complexes was studied by uspegtsoscopic techniques such as
electronic absorption and circular dichrorism specthese result indicated that these
compounds showed strong affinity with DNA by hypawhism, red-shifted
absorption spectra and stereoselective binding.ebar, the DNA binding affinity
was sensitive to the native of ligands, such asagpity, n-electron extension and
hydrophobicity. From data suggested that complex/3bited the strongest binding
with DNA, which could be attributed to hydrogen kdorg.
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Hong et al., 2005 reported the new complex of [Ru(BS)O-
H,L)].1,5CHCN where HL is a p-tert-butyltetrathaiacalix[4]arene. The
characterization was carried out by mass spectraraatd X-ray diffraction analysis.
In addition, fluorescence quenching of EB-DNA coexlby the ruthenium(ll)
complex agreed with linear Stern-Volmer equatiod #me quenching was realized

via the DNA-mediated electron transfer from theiextEB to the Ru(ll) complex.

Tanet al., (2005) investigated the synthesis of a novedrity 2-(2'-
nitro-3',4"-methylenedioxyphenyl)imidazo[&-f][1,10]-phenanthroline (NMIP) and
its complex [Ru(phem]NMIP)]?*. Characterization was achieved by mass
spectroscopy'H NMR and cyclic voltammetry. Binding of the complevith calf
thymus DNA (CT-DNA) has been investigated by spesttopic methods, viscosity
and electrophoresis measurements. The experimergsililts indicated that
[Ru(phen}(NMIP)]?* bound to DNA via partial intercalative mode via textended
methylenedioxyphenyl ring into the base pairs ofADNhis might be related to the
molecular structure of the complex. In [Ru(ph&NMPIP)I**, due to the large
substituent group N£ the NMIP ligand was somewhat sterically hindefemm

planarity and did not completely intercalate DNA.

Figure1.21 2-(2'-nitro-3',4"-methylenedioxyphenyl)imidazo-[&-f][1,10]-
phenanthroline (NMIP)
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Tanet al., (2007) reported the new polypyridine ligand, NIPP
(MPPIP = 2-(3phenoxyphenyl)imidazo[4,5-f]-[1,10]phenanthrolinelnd its
ruthenium(ll) complexes, [Ru(bpyMPPIP)F* (1) and [Ru(pherjMPPIP)F* (2).
The binding of the two complexes with calf thymudNAD (CT-DNA) has been
investigated with spectroscopic method and visgositeasurement. The results
suggested that both complexes bound to DNA thranigincalation. In addition, when
irradiated at 365 nm, both complexes were efficigindtocleavers of the plasmid.

Thus these complexes might be useful as tool foibipg DNA.

Figure1.22 2-(3-phenoxyphenyl)imidazo[4,5-f]-[1,10]phenanthrolifMPPIP)

Tanet al., (2007) introduced a novel of [RuBPIP)F" (L = bpy,
phen) which synthesized and characterized by el&ahanalysis, electrospray mass
spectrometry and NMR. The DNA binding propertiestlod both complexes were
investigated by spectroscopic and viscosity measeiné. The results suggest that

both complexes bound to DNA via intercalative mode.

Figure1.23 2-(4-benzy|oxyphenyl)imidazo[4,5-ﬂ-[1,10]phenanthrcdi|(BPIP)
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Tanet al., (2007) presented the synthesis and characternzat
[Ru(bpyk(BPIP)F* (1) and [Ru(pheniBPIP)F* (2) (BPIP = 2-(4
biphenyl)imidazo[4,5-f][1,10]phenanthroline). Masspectrometry and cyclic
voltammetry were used to study these compounds. iifieeaction of two Ru(ll)
complexes with calf thymus DNA was intercalative dao Additionally, the DNA-

binding affinity of complex 2 was much greater tllaat of complex 1.

Figure1.24 2-(4-biphenyl)imidazo[4,5-f][1,10]phenanthroline (BPIP)

Tanet al., (2007) investigated the effect of ancillary hga(phen,
dmp) of [Ru(phemMIP)]** (1) and [Ru(dmpMIP))]?** (2) (dmp = 2,9-dimethyl-
1,10-phenanthroline; MIP = 2-(2,3-methylenedioxypylemidazo[4,5f]1,10-
phenanthro- line) to DNA-binding properties by difint spectrophotometric methods
and viscosity measurements, as well as equilibriliatysis and circular dichroism
spectroscopy. The results suggested that complekodnd to DNA through
intercalation, and complex 2 bound to CT-DNA vigatial intercalative mode. It
was concluded that the different ancillary ligamsbably influenced the binding
mode to DNA.

R

Figure 1.25 2,9-dimethyl-1,10-phenanthroline (dmp); MIP = 232
methylenedioxyphenyl)imidazo[4 {$t,10-phenanthroline
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Tan and Chao (2007) reported new mixed polypyrodyhplexes,
[Ru(dmb}(NMIP)]** (1) and [Ru(bpyYNMIP)]** (2) (dmb = 4,4dimethyl-2,2-
bipyridine, NMIP = 2(2'-nitro-3',4"-methylenedioxyphenyl)imidazo [&-f][1,10]-
phenanthroline). Characterization of these compglekas been investigated by
spectroscopic methods and viscosity measurementused to study DNA-binding
properties of these compounds. The results showaidhioth complexes bound to
DNA via partial intercalation with stronger DNA hiimg in complex 2 than that of 1.
The methyl groups substituented at 4 ahgbdsitions of bpy had a profound effect on
the DNA-binding, as revealed by the decreased bqdffinity.

1.4 Objectives

- to synthesize and to characterize the 5-chloroh2ifglazo)pyridine (Clazpy)
ligand

- to synthesize and to characterize the isomeric t®ap of [Ru(ClazpyCl,]

- to synthesize and to characterize the [Ru(Clazpywéxzpy)Cl] complex

- to synthesize and to characterize the [Ru(Clatb)IPFs). (L = bpy, phen,
azpy, Clazpy) complexes

- to synthesize and to characterize the [Ru(Cla£b)JNO3)..xH,0 (L = bpy,
phen, azpy, Clazpy) complexes

- to synthesize and to characterize the [Ru(Clagp)jCl..xH,O (L = bpy,
phen, azpy, Clazpy) complexes

- to synthesize and to characterize the [Ru@azpy)](X), and
[Ru(bpyk(Clazpy)](Xk (X = PR, CI) complexes

- to study the interaction between these complextds @T-DNA by
spectroscopic techniques such as absorption ditragimission, viscosity and
electrochemical study

- to test the cytotoxicity
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MATERIALSAND METHODS

2.1 Materials

2.1.1 Chemical substances

Materials from Aldrich Chemical Company, Inc.

- Ruthenium(lll) chloride hydrate, GHIgN2.H,O, A.R. grade

- Ferrocenemethanol,#1,FeO, A.R.grade

Materials from BDH LaboatorySuppies, Poole
- Silver nitrate, AQNQ@, A.R. grade

Materials from Fluka

- 2-Aminopyridine, GHsN, A.R. grade

- 2-Amino-5-chloropyridine, €HsN,Cl, A.R. grade

- Nitrosobenzene, EisNO, A.R. grade

- Ammonium hexafluorophosphate, WP, AR. grade

- Tetrabutylammonuim hexafluorophosphate, [NBs, AR. grade

- Tetran-butylammonium chloride hydrate 98%,
[CH3(CH,)3]4sNCI.XH,0]; TBACI, A.R.grade

Materials from Merck

Silica gel 60 (0.040-0.063 nm) G

Sodium hydroxide, NaOH, A.R. grade

Sodium Chloride, NaCl, A.R. grade

2,2-Bibyridine, GgHsN», A.R. grade

- 1, 10-Phenathroline,@HgN,, A.R. grade

Materials from Sigma

- Deoxyribonucleic acid (DNA)

- Tris(hydroxymethy)aminomethane (Tris-base)

29
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Solvents

Solvents from Lab. Scan analytical science
- Acetone, CHOCH;, A.R.grade

- Acetonitrile, CHCN, A.R. grade

- Chloroform, CHC4, A.R. grade

- Dichloromethane, C¥Cl,, A.R. grade

- Dimethyl sulphoxide, DMSO, A.R. grade
- Ethanol, EtOH, A.R.grade

Ether, A.R.grade

Hexane, GHi14, A.R. grade

Methanol, MeOH, A.R.grade

Toluene, GHg, A.R. grade

Ethyl acetate, EtOAcC

Solvent from Merck

- Hydrochloric acid, HCI, A.R. grade
Solvent from M&B Laboratory Chemical

- Dimethylformamide, DMF, HCON(C#h,, A.R. grade

The solvents, dichloromethane; hexane; ethyl agetaluene; and

acetronitrile were used for purification compoubgscolumn chromatographic

technique.

2.2 Instruments and appar atus

221

222

Melting points of all compounds were measured o&laatrothermal
melting point apparatus (Electrothermal 9100)

Elemental analysis data were obtaitgdusing Carlo Erbra 1108
Elemental Analyser (University of Bristol, U.K.) @rCE instruments
Flash 1112 Series EA CHNS-O Analyzer (Prince of dktm
University).
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Fast-atom bombardment (FAB) mass spectra werededon a VG
Autospec instrument (University of Britol, U.K.).

Electrospray (ES) mass spectrometric experiments measured on a
VG Quattro triple quaudrupole system mass spectiemfer HRMS
and Micromass platform LCZ single quadrupole LC/MSng 50%
CH3CN as mobile phase (University of Wollongong, Aak#).

The Fourier-transform IR spectra were collectedifimgKBr pellets
on a Perkin Elmer Spectru@X FT-IR Spectrophotometémom
4,000-400 cnt. KBr has no infrared absorption in the range 4660-
cmit.
The Ultraviolet Visible absorption spectra were baned in the range
200-800 nm by S100 specord spectrophotometer.

1D and 2D NMR spectra were performed with a VatigNITY
SNOVA500MHz FT-NMR spectrometer, and a Varian la®)0MHz
NMR spectrometer. All chemical shifts were givelatiee to
tetramethylsilane (Si(Cék) used as an internal standard.
Electrochemical experiments were performed usiuiic

voltammetric technique coupled with Echem1.5.]gpan. The
supporting electrolyte was 0.1 M tetrabutylammonium
hexafluorophosphate and all potentials were queseslis the

ferrocene/ ferricenium couple. All sample weregaat with argon

prior to measurement. A standard three electrogstem comprising

of a glassy carbon working electrode, platinum-wiaeixiliary
electrode and platinum disk reference electrode wssd and all
immerged in a liquid and connected to a potentio§the scan rate
was varying from 50 to 500 mV/s.

X-ray diffraction data were collected on a SmarEXPCCD
diffractometer using monochromated Mo radiation ¢ =

O.71073§). The structures were solved and refined using the
SHELXTL NT (version 6.12) and SHELXTL-97 programs.

A pH Denver pH meter was used to read the pH valirestly.
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2.2.10 Steady state emission experiments were using anPehkerLS 55
luminescense spectrometer. All experiment wereddmoom

temperature

2.3 Syntheses of ligands

2.3.1 2-(phenylazo)pyridine (azpy)

The 2-(phenylazo)pyridine (azpy) ligand was pregdrg modified
procedure reported in literature (Krause and Krali880).

2-aminopyridine (950 mg, 0.01 mol) reacted withobenzene
(1080 mg, 0.01 mol) in a presence of 20 M NaOH &addnL of benzene solution.
The reaction mixture was warmed on the water batd% min. The mixture was then
extracted with 3x5 mL of benzene. The solvent wersaved and the residue was
purified by column chromatography. A mixture of her and ethyl acetate was used
as an eluent to elute the orange band of the diesradluct. The solvent was removed

to give 640 mg (35 %) of azpy ligand.

2.3.2 5-Chloro-(2-phenylazo)pyridine (Clazpy)

The 5-Chloro-2-(phenylazo)pyridine (Clazpy) ligands synthesized
via modification of the method reported by Kraued &rause in 1980.

A 2-amino-5-chloropyridine (378 mg, 2.94 mmol) wasmdensed
with nitrosobenzene (318 mg, 2.97 mmol) in the @nes of sodium hydroxide in
benzene solution. The mixture was refluxed withristy continued for 12 h. The
light-green solution gradually turned to reddislovian. The product was extracted
with benzene and purified by column chromatographya silica gel. The orange
band was collected after elution with dichlorome#dCHCIl,) and hexane (1:9 by

volume). The solution was evaporated to dryness.yiéld was 354 mg (54%).
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2.4 Syntheses of complexes

2.4.1 Isomeric complexesof dichlrorobis(5-chloro-(2-phenylazo)
pyridine)ruthenium(l1), [Ru(Clazpy).Cl;]

There are two methods for preparation isomeric dexgs of
[Ru(Clazpy}Cly].

Method I, A mixture of RuCL.3H,O 105 mg (0.506 mmol) and Clazpy 237 mg
(2.088 mmol) were refluxed in 50 mL of ethanol #rh. The solution gradually
turned from dark brown to dark purple. After théusion was filtered, the filtrate was
evaporated to dryness. The residue was purifieddymn chromatography. Three
bands of green, blue and purple were isolated ftben mixture of toluene and
acetonitrile (CHCN) (9:1 by volume), respectively and then evapmtab dryness.
The yield was 110 mg (36%) for green, 39 mg (13&6)blue and 47 mg (15%) for

purple solids.

Method 11, [Ru(Clazpy)Cl,] was synthesized by reaction of Ru@H,O (22 mg,
0.106 mmol) and Clazpy (46 mg, 0.212 mmol). Theisoh was refluxed in 25 mL
of N,N-dimethylformamide (DMF) for 40 min. The solutionxture was filtered and
solvent was removed. The crude product was purliiedolumn chromatography on
a silica gel with toluene:CICN (9:1 by volumn) as eluent. The blue was separate
and the purple and the dark green bands were tadlethe solvent was removed and
a blue, purple and dark green solids were obtaifmbd. yield was 32 mg (50%) for
blue, 5 mg (8%) for purple, and 4 mg (7%) for dgr&en.
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2.4.2 |somer conversion, trans — cis

The isomer conversion was prepared by modifiedditee method
(Misraet al., 1998)

Isomer conversion was carried out thermally asil@detdbelow. The
green-[Ru(ClazpyLl,] (15 mg, 0.025 mmol) was suspended in 10 mL of Daid
heated to reflux for 30 min (conversion was testydTLC). The solution was
evaporated to dryness on water bath. Then, it wesplded in a minimal volume of
CH.Cl, and subjected to chromatography as before. The lind was eluted slowly
using 9:1 by volume of toluene and N along with a purple and dark green bands.
Three bands in color was evaporated to drynessyiehdwas 11 mg (74%) for blue,

1 mg (7%) for purple and 1 mg (7%) for dark green.

2.4.3 Dichlroro(5-chloro-(2-phenylazo)pyridine)(N,N-dimethyl)-
(2-phenylazo)pyridine ruthenium(l1), [Ru(Clazpy)(5dmazpy)Cl,]

There are two methods for synthesis a mixed-ligand,

[Ru(Clazpy)(5dmazpy)G) complex.

Method |; The [Ru(Clazpy)(5dmazpy)glcomplex was prepared by the similar
procedure of [Ru(Clazpy¢l;] (method II). However, the reaction was refluxed 3

h afforded an increasing amount of the complex (Rag€py)(5dmazpy)G] and then
evaporated to dryness. The product was purifiedddymn chromatography on silica
gel, using CHCI,:EtOAc as eluents. A small portion of blue and peitpands with a
major dark green band was collected. The last basdevaporated to give dark green
in high yield (40 mg, 61%). Recrystallization ofstltomplex was done in GBI, and

toluene.
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Method I1; The 17 mg (0.026 mmol) of blue solid was dissdlue 3 mL of DMF.
This solution was heated to reflux for 10 h. Afidered, the solvent was removed to
dryness by water bath. The dark green residue wasfigdl by column
chromatography. Initially, a small amount of bluenda purple compounds
corresponding to [Ru(ClazpyCl;] was eluted slowly by CCl, and EtOAc (9:1 by
volume), a mainly dark green compound correspontiirfiRu(Clazpy)(5dmazpy)éll
was separated later. Evaporation of solvent unelduaed pressure yielded complex
[Ru(Clazpy)}Cl,] 2 mg (12%) for blue, 1 mg (6%) for purple and g (76%) for
dark green-[Ru(Clazpy)(5dmazpy}Ll

244 [Ru(Clazpy)a(bpy)](PFe)2

The [Ru(Clazpy)Cl,] complex 25 mg (0.04 mmol), AgNC5 mg

(0.08 mmol) and bpy 13 mg (0.08 mmol) were suspéndenethanol 50 mL. The
reaction mixture was heated to reflux for 12 h. Tinéal colored solution slowly
changed to a dark-red at the end of reaction, whiak verified by TLC on silica
plates. The solvent was then removed using a r@eaporator and the resulting red-
brown product was dissolved by water and then itjgntl excess was extracted by
CH.Cl,. After reducing the solvent volumn to 5 mL, the@guct was precipitated by
adding 15 g (0.09 mmol) of ammonium hexafluoroptmase (NHPF;) to the filtrate
with mixing of 5 mL ethanol, and the mixture wastesl further for 1 h. After 2 days,
the product was collected as dark-brown solid imy (68%). Recrystallization was

done by the mixture of acetone and ethanol.

24.5 [Ru(Clazpy).(phen)](PFe)

The complex was synthesized in the same way ash#ubbeen

described for [Ru(Clazpy(bpy)](PF). complex with 1,10-phenatroline (phen) (15
mg, 0.08 mmol) in place of bpy. The yield was 36 (@820).
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2.4.6 [Ru(Clazpy).(azpy)](PFe)

The synthesis was similar to that of [Ru(Clazfiyy)](PK)-
complex. Only bpy was replaced by an equivalentwarof 2-(phenylazo)pyridine
(azpy) (16 mg, 0.08 mmol). The yield was 37 (@820).

2.4.7 [Ru(Clazpy)s](PFe)

The synthesis was similar to that of [Ru(Clazfiyy)](PF)
complex. Only bpy was replaced by an equivalent wrhoof 5-Chloro-2-
(phenylazo)pyridine (Clazpy) (17 mg, 0.08 mmol)eTheld was 29 mg (68%).

2.4.8 [Ru(Clazpy)2(bpy)](NO3)2.5H-0

The starting complex [Ru(Clazp@l,] 25 mg (0.04 mmol), AgN@15
mg (0.091 mmol) and bpy 13 mg (0.082 mmol) wasalvesl in 50 mL of methanol,
and the mixture was heated under reflux for 12 he Tnitially purple solution
gradually changed to orangish-brown. After the clatggl reaction was monitored by
TLC, the white solid of AgCIl was filtered. The sett was evaporated to dryness
under reduced pressure and the solid mass obtamegurified by extraction process
using HO and CHCI; to get rid off the residue starting material. Tesired product
was evaporated and then dissolved in ethanol andetulting solid was obtained by

slow diffusion of hexane into the solvated ruthemil). The yield was 28 mg (77%).

2.4.9 [Ru(Clazpy)2(phen)](NO3)2.3H.0

The synthesis was similar to that of [Ru(Clazfyy)](NOs),.5H,O

complex. Only bpy was replaced by an equivalentarhof 1,10-phenatroline (phen)
(15 mg, 0.08 mmol). The yield was 30 mg (84 %).



37

2.4.10 [Ru(Clazpy).(azpy)](NOs).H0

The synthesis was similar to that of [Ru(Clazfyy)](NOs),.5H,0O
complex. Only bpy was replaced by an equivalentwarof 2-(phenylazo)pyridine
(azpy) (16 mg, 0.08 mmol). The yield was 27 g (7.7%)

2.4.11 [Ru(Clazpy)s](NO3).3H,0

The synthesis was similar to that of [Ru(Clazppy](NO3)..5H,O
complex. Only bpy was replaced by an equivalent iarh@f 5-Chloro-2-(phenyl
azo)pyridine (Clazpy) (17 mg, 0.08 mmol). The yields 31 g (80%).

2.4.12 Ru(Clazpy),(bpy)]Cl,.7H,O

The chloride salts of [Ru(Clazpypy]Cl..7H,O was prepared by
dissolving [Ru(Clazpyppy](PF). 50 mg (0.051 mmol) in a small amount of acetone
and added a saturated solution of tedfastylammonium chloride hydrate (TBACI)
in acetone until the precipitation was completelake dbtained chloride salts thus were
filtered, washed throughly with acetone, ether saduum dried. The yield was 37
mg (82% ).

2.4.13 [Ru(Clazpy)2(phen)]Cl,.8H0
The preparation was similar to that of [Ru(Clazflyy)]Cl.7H,O
complex using the [Ru(Clazpgphen)](Pk). 50 mg (0.049 mmol). The yield was
18 mg (40%).
2.4.14 [Ru(Clazpy)2(azpy)]Cl,.H,0
The preparing was similar to that of [Ru(Clazlgpy)]Cl,.7H,O

complex using the [Ru(Clazpyazpy)](Pk)2. 59 mg (0.058 mmol). The yield was
37 mg (74%).
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2.4.15 [Ru(Clazpy)3]Cl,.3H,0

The preparing was similar to that of [Ru(Clazypy)]Cl.7H,O
complex using the [Ru(ClazpiPFs). 60 mg (0.058 mmol). The yield was 47 mg
(92%).

2.4.16 cis[Ru(bpy)2Cl,]

Thecis[Ru(bpy)Cl;] complex was prepared by the published method
(Sillivan et al., 1978) with a modified purification procedure €lal., 2000).

The 273 mg (1.32 mmol) of RuC3H,0, 409 mg (2.6 mmol) of 22
bipyridine (bpy), and 559 mg (1.32 mmol) of LiCl igeheated by refluxing in 15 mL
of DMF for 6 h. The reaction was stirred magnetic#throughout this period. The
reaction mixture was cooled to room temperature &hanL of acetone was added.
Black crystals were obtained by filtration and westseveral times of water and
ether, respectively. The yield was 315 mg (50%).

2.4.17 cis[Ru(phen).Cl]

Thecis[Ru(phen)Cl;] complex was prepared by using literature
method (Sullivanet al., 1978)with the modified purification procedure (éi al.,
2000).

The 250 mg (1.2 mmol) of Rug€BH,O, 495 mg (2.5 mmol) of 1,10-
phenanthroline(phen), and 495 mg (12 mmol) of W@€ke heated by refluxing in 15
mL of DMF for 8 h. The reaction was stirred mageaty throughout this period.
After reaction mixture was cooled to room tempe&tb0 mL of acetone was added.
The dark solution was filtered and the dark solaswashed several time with water
and 20 mL of ether, respectively. The yield was &283(41%).
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2.4.18 [Ru(bpy)2(Clazpy)](PF2)e

A mixture ofcis-[Ru(bpy)Cl;] 50 g (0.094 mmol) and AgN{B8 g

(0.22 mmol) in 50 mL methanol was heated with camiststirring for 2 h. The
precipitate AgCl was removed by using a sinterebglfunnel resulting in a clear
solution containing [Ru(bpy}/eOH](NGOs),. The Clazpy 27 g (0.12 mmol) was
added to the filtrate and the mixture was heatetburefluxed for 3 h. The completed
reaction was monitored by TLC by changing colonfreed-violet to brownish-red.
The solvent was then removed to dryness under eeddpessure. The resulting red-
brown mass was dissolved in water and impurity exisacted by CbhLCl,. After
reducing the volumn of the solution about 5 mL,3g (0.19 mmol) of ammonium
hexafluorophosphate was added. A dark precipitai® obtained. The desired product
was collected as dark-brown solid with 75 mg (7%#er 2 days and ready for

recrystallization by the mixture of acetone andhaabl.

2.4.19 [Ru(phen),(Clazpy)](PF2)s

The synthesis was similar to that of [Ru(b§)azpy)](Pk)2
complex. Onlycis[Ru(bpykCl;] was replaced by an equivalent amount cod-
[Ru(phen)Cly]. The yield was 76 mg (84%).

2.4.20 [Ru(bpy)2(Clazpy)]Cl,.7H,0

The hexafluorophosphate salt obtained above
[Ru(bpyk(Clazpy)](Pk). was dissolved in a minimum amount of acetone, and
saturated solution of tetrabutylammonium chloride hydrate (TBACI) in acetone
was added dropwise until precipitation was complefehe water-soluble chloride
salt was filtered off, washed throughly with acetprether and vacuum dried.

Recovery was about 90% of the theoretical yield.
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2.4.21 [Ru(phen),(Clazpy)]Cl,.8H,0

The chloride salt of [Ru(phesfClazpy)]Ch.7H,O 70 mg (0.072
mmol) was prepared by dissolving [Ru(ph€iazpy](PFk). in a small amount of
acetone and adding a saturated solution of tebatylammonium chloride hydrate
(TBACI) in acetone until the precipitation was cdetpd. The solid was then washed

with acetone, ether and vacuum dried. The yield 3%asg (86%).

2.5 Techniquesfor structural determination

25.1 Elemental analysis

Elemental analysis is a principle which is impottanethod for

studying composition of element in compound sucad and N.

252 Massspectrometry

Fast-atom bombardment (FAB) mass spectrometrpase
technique used to determine molecular mass of cangoor to establish
characterization of individual compound. This meth® very efficient for producing
ions from polar compounds with high molecular wésgiin essential feature of FAB
is that the sample must be dissolved in a non-Neliiquid matrix.

Electrospray mass spectrometry (ES-MS) is a poweytu still
relative new technique for the characterization imérganic or organometallic
compounds, which may be thermally unstable andliatv® compounds (Jiang, 2004)
like nitrate complexes and chloride complexes. B®&MS mass spectra normally
correspond to a statistical distribution of consieeupeaks characteristic of multiply
charged molecular ions obtained through protonatidnzH)** which avoiding the
contributions from dissociations or from fragmeitilas. Indeed, the technical
characteristic of mass spectrometers is such tigavalue being measured is not the
mass, but rather the mass to charge ratio (Hoffreaal, 1996).
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2.5.3 Infrared spectroscopy

Infrared (IR) spectroscopy is one of the most comsypectroscopic
techniqgues used by organic and inorganic chemistee main goal of IR
spectroscopic analysis is to determine the chenfigadtional groups and involved
some data in the sample. Different functional geoapsorb characteristic frequencies
of IR radiation. Using various sampling accessoriBsspectrometers can accept a
wide range of sample types such as gases, ligaiksolids. Thus, IR spectroscopy
is an important and popular tool for structural cadation and compound
identification. The IR region is commonly dividedto three smaller area: near IR,
mid IR and far IR.

near IR mid IR far IR
wave number (cif) 13,000-4,000 4,000-200 200-10

This work focus on the most frequently used midégion, between 4,000-400 &¢m
(Settle, F. 1997).

2.5.4 UV-Visbleabsorption spectroscopy

UV-Visible absorption spectroscopy is the technitpueharacterize
complexes roughly but it is useful for describingloted. The chromophoric
groupor -conjugated system in compounds give rise the ahsarin ultra-violet
region (200-800 nm). The colors of transition metanpounds are usually attributed
to electronic transition involved d orbitals. Thdsansitions are of two main types
that are d-d transition which gives pale colors ahdrge transfer transition which

gives intense colors.
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2.5.5 Nuclear magnetic resonances spectr oscopy

Nuclear magnetic resonance spectroscopy is an targor
technique for determining molecular structure eresbchemistry of compounds. 1D
and 2D were suitable to investigate a large motewtiich has complicated structure
i.,e. COSY, HMQC, ROESY. The CD£ICDsOCD; and CROD were used as
solvent to dissolve tested compounds and tetrarsdtine as an internal standard.
The chemical shiftd) and coupling constand)(values are given in parts per million

and hertz, respectively.
25.6 Cyclicvoltammetry

The cyclic voltammetry is an electrochemical methdnlch leads
to the knowledge of redox phenomena. It shows otipetential curve, which is
called cyclic voltammogram. This voltammogram disigeld metal oxidations on the
positive side and ligand reductions at the negatigde with corresponding half-wave
potentials. The one-electron stoichiometry of tbepte is established by comparing
the current height of the main couple with thathed standard ferrocene-ferricenium
couple under identical experimental conditions. Thé iy ratio (,a= anodic peak
current and 4 = chathodic peak current) is closed to 1.0, as exrgefor reversible
couples. In general, a typical voltammetric expenin utilizes three types of
electrodes;

0] reference electrode: commonly used are aqueousg&y)/ér calomel half
cells which can be obtained commercially or eaghgpared in the
laboratory. Sometimes when a suitable conventicefarence electrode is
not available (e.g. for some organic solvents)ntrmoduce problems with
salt leakage or junction potentials, pseudo-refegegiectrodes such as a
sample silver or platinum wire are used in conjiomctwith an internal
potential reference such as ferrocene. Experinlgntakrocene is added
into the cell at the end of a series of measuresparid the reversible
voltammetric responds for the ¥t couple is taken as reference point on
the potential scale ¢z = 0.0 V)
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(i) counter electrode (auxiliary): is used in the thetectrode system only. In
this system, the current flows between the workamgl the counter
electrode. Either a piece of platinum foil or atpplam wire is usually
employed as a counter electrode. It is recommetdigdthe area of the
counter electrode is substantially largely thant tikd the working
electrode. If this condition is met the countercelede should not affect
the current measurement due to, e.g., passivati@activation and
blocking (Stojek, Z. 2002).

(i)  working electrode is the electrode at which theestigated process
occurs. Usually, in the range of positive potestiglatinum, gold, carbon
(graphite, glassy carbon) electrode are used. Uitface of these materials
is partially oxidized in aqueous solution at thistgmtial range. In the
negative range of potential, in aqueous soluticth @her protic solvents,
mercury electrodes are superior due to high ovearpial of the reduction
of hydrogen. On the other hand, many organic comg@estrongly adsorb
on mercury which may complicate the analysis oftarmmograms. In
aprotic solvent, Pt, Au and C electrode can be uisdabth positive and
negative ranges of potential (Stojek, Z., 2002)er€fore, in this work

glassy carbon was used to study

25.7 X-ray structure determination

The molecular structure of isomerig o-, S-[Ru(Clazpy}Cls],
[Ru(Clazpy)(5dmazpy)@G), [Ru(Clazpy}phen](Pk)., [Ru(Clazpy)azpy](PF). and
[Ru(Clazpy)phen](NQ)..3.5H0 were determined. This technique is importance
which provides highly accurate stereochemical mfation including absolute
configurations. In this work, the CCD is used awd®r. The SHELXTL NT (version
6.12), SHELXTL-97 programs and the Xtal program ased to study the crystal

structures.
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2.6 DNA-binding experiments

2.6.1 Preparation of DNA sample

The DNA-binding of water-soluble complexes was stigated. The
stock solution was made by dissolving CT-DNA in agpiate buffers which
prepared in Ultra-pure Milli Q water (18.2¢ and kept overnight at°@ to ensure
complete dissociation as well as use within 4 dafter their preparation. The
concentration of DNA (nucleotide phosphate) was suesd by using its known
extinction coefficient at 260 nm (6600 \m™) (Murali et al., 2002).

2.6.2 Absorption titration experiments

The absorption titration with DNA was carried ostfallow: A

solution of metal complex 40M in aqueous 50 mM NaCl/5 mM Tris base buffer at
pH 7.1 was placed in the sample cell of the sppbtometer (Selvet al., 2005).
The spectrum of free complex was obtained. Thealignot of DNA solution (DNA
concentration 4x1%- 1x10% M) was added to the sample. After the additiofD A

to metal complex, the solution was agitated anohadtl to equilibrate for 15 min, the
spectrum was then recorded by S100 specord. Thiseps was repeated until no
changes were observed in the spectrum. The dat tlen fitted to the following

equation to obtain the intrinsic binding constaty,

[DNA]/(eaer) = [DNA]/(ep-e1) + 1/Kp(ep-&1)

whereg,, & and g, are the apparent, free and bound metal compleaotixin
coefficients respectively. In plot of [DNAHL¢;) vs [DNA] gave a slope of Jdf-«)
and ay intercept; K is the ratio of slope tg intercept (Muraliet al., 2002). From
these spectra the red shift and percentage of hypicity upon binding to DNA

were determined. Each measured point was the av@adge of at least three spectra
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measurements with the relative standard deviat®R$)) of less than 15% (Mudasir
etal., 2003).

2.6.3 Viscosity measurements

Viscosity measurements were carried out using srtgghnique in
buffer pH 7.2 and the temperature was controlle2a0.5°C in prior to experiments.
CT-DNA samples were prepared by sonicating in otdeminimize complexities
arising from DNA flexibility. Flow time was measuwrevith a digital stop watch, at
least three times and were accepted if successives within 0.1 s. Flow time was

calculated. Data were presented agn{)'"”

versus binding ratio (r) = [DNAJ/
[complex], wherer is the viscosity of CT-DNA in the presence of coexplndz, is
the viscosity of CT-DNA alone. Viscosity valuescalculated ag; =t —t, wheret is
the time for the sample to flow through the viscten@andt, is the timeneasured for

the buffer only (Luedtket al., 2003).

2.6.4 Fluorescence quenching experiments

The DNA-binding properties of complexes were stddig
fluorescence spectral method using ethidium bror(iti®) bound CT-DNA solution
in Tris base/NaCl buffer (pH 7.1). EB was non-emessn Tris-buffer medium due to
fluorescence quenching by the solvent moleculetggféaal., 2006). In the presence
of CT-DNA, EB showed enhancing emission intensifg do its intercalative binding
to DNA. A competitive binding of ruthenium complexto CT-DNA resulted in the
displacement of bound EB and/or quenching of theréscence of EB and as a
consequence the emission intensity of EB decredsdtie typical experiment, a 40
uM of CT-DNA solution was added to a;# of EB buffer solution pH 7.1 (5 mM
Tris-base/ 50 mM NaCl) and the fluorescence intgngas measured using excitation
wavelength of 340 nm resulting an emission at @d0abh room temperature. Aliquots
of a 104M ruthenium(ll) complex solutions were then addedhe DNA-EB solution

and the fluorescence was measured after incub&tingnute. Each samples were
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excited at 340 nm and the emission spectra wererded between 500-700 nm.
(Wanget al., 2004;Chaoet al., 2002;Mei et al., 2003; Vaidyanathaet al., 2003).

2.6.5 Electrochemical studies

The electrochemicalproperties of ruthenium(ll) céemps in the
presence of DNA were investigated using cyclicamitmetry using Echem1.5.1
program. A three electrode, a glassy carbon worlalertrode, a platinum wire
reference electrode and a platinum disc auxillaigcteode was used. The
voltammetric experiments were carried out usingplzent of 5 mM Tris-base/ 50
mM NacCl buffer (pH 7.2). The experiments were perfed in 0.50 mM complex
solutions in the absence and presence of CT-DN#erAblutions were deoxygenated
by purging with Argon gas for 30 min prior in eatlkeasurement, different scan rates

were recorded. During measurements Argon gas wssegaver the solution.

2.6.6 Cytotoxicity

The cytotoxic activity of synthesized compoundsevested by
National Center of Genetic Engineering and Biotetbgy (BIOTECH). Three
cancer cell lines i.e. small cell lung cancer (AN€I-H187), breast cancer (BC), oral
epidermal carcinoma (KB) were used. The resultewecorded as Kg values (I1Go

is a concentration of drug that is required 50%uctidn of cellular growth).



CHAPTER 3
RESULTSAND DISCUSSION

The preparation of ruthenium(ll) complexes wittoianine and imine
ligands was investigated and characterization ath®sized compound was studied
by using a basic techniques such as Elemental sisalynass spectrometry and
spectroscopic techniques. The molecular structofe®mpounds were measured by
using X-ray diffraction analysis. In addition, tekectrochemical behavior was studied
electron transfer properties. To further study ititeraction between complexes with
CT-DNA by mean of DNA-binding experiments, watefedsde ruthenium(ll)
complexes were chosen. The results are reportethign chapter and could be
separated into nine sections as following:

3.1 syntheses and characterization of ligands

3.2 syntheses and characterization of the isonRti(Clazpy)Cl,] complexes

3.3 synthesis and characterization of [Ru(Clazmn(azpy)Cl] complex

3.4 syntheses and characterization of [Ru(ClatpiBFs). (L = bpy, phen, azpy,
Clazpy)

3.5 syntheses and characterization of [Ru(ClatpfNO3)..xH-O (L = bpy, phen,

azpy, Clazpy)
3.6 syntheses and characterization of [Ru(Clatg) ..xH.O (L = bpy, phen,

azpy, Clazpy)

3.7 syntheses and characterization of [Ru(iphzpy](X), (X = PR, CI)
3.8 DNA-binding experiments

3.8.1 Absorption spectroscopic studies

3.8.2 Viscosity measurements

3.8.3 Fluorescence quenching studies

3.8.4 Electrochemical studies
3.9 Cytotoxicity test

47
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3.1 Synthesesand characterization of ligands

3.1.1 Synthesesof ligands

In the present work, there are two ligands to belmsized, 2-

(phenylazo)pyridine (azpy) and 5-Chloro-(2-phenglayridine (Clazpy). These

ligands were prepared by the similar method to diestribed previously (Krause and

Krause, 1980).

A coupling reaction of 2-aminopyridine or 2-aminafsloropyridine

with nitrosobenzene in 1:1 molar ratio in basicutoh produced the azpy and

Clazpy, respectively. Both compounds isolated ftben reaction mixture by column
chromatographic technique described in Chapter r2.04tline of the synthesis of

ligands is presented in Figure 3.1.

NaOH —
O_ _Q benzenes  \ 7N _
2-aminopyridine  nitrosobenzene 2-(phenylazo)pyridine
(azpy)
35 % yield
NaOH —
benzeneA N N—
2-amino-5-chloropyridine nitrosobenzene 5-chloro-2-(phenylazo)pyridine
(Clazpy)
54 % yield

Figure 3.1 Synthetic routes for the preparation of the azpy/the Clazpy ligands

Clazpy is unsymmetric bidentate ligand having azoariunctional
moiety, —N=N-C=N-. Its structure is similar to azpihich is a goodt-acceptor ligand

(Krause and Krause, 1980) but the hydrogen atiftiedosition on pyridine ring is
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replaced by a high electronegative chlorine atommuded nitrogen atoms from
pyridine and from azo donate electron to metalerefthis is an evidence to support a
n-accepting ability of Clazpy like azpy to stabiliaelower oxidation state of metal

center. The atom numbering scheme of Clazpy is showigure 3.2.

4 3
2 8 9
Cl N

Figure 3.2 The structure of the Clazpy ligand
The physical properties of azpy and Clazpy ligam@sshown in Table 3.1.

Table3.1 The physical properties of azpy and the Clazggrids

_ Physical properties
Ligands . -
Appearance Color Melting pointQ)
azpy liquid orange 32-34
Clazpy solid orange 98-99

®Results from Krause and Kruse (1980)

From Table 3.1, the melting point of both compouimdiscated that
the azpy ligand was a liquid state, whereas thegyligand was a solid state at room
temperature. The solubility of 0.010 g of Clazpyswasted in 5 mL of hexane,
benzene, toluene, chloroform (CHYEI dichloromethane (Ci€l,), ethyl acetate
(EtOAc), acetone (CHDCHs), N,N-dimethylformamide (DMF), N,N-dimethyl
sulfoxide (DMSO), acetonitrile (C4€N), ethanol (EtOH), methanol (MeOH) and

water. The ligand was very soluble in most of sotgebut insoluble in water.
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3.1.2 Characterization of ligand

The chemistry of Clazpy was characterized by folimithese

techniques:

3.1.2.1 Elemental analysis

3.1.2.2 Fast-atom bombardment mass spectrometry

3.1.2.3 Infrared spectroscopy

3.1.2.4 UV-Visible absorption spectroscopy

3.1.2.5 Nuclear Magnetic Resonance spectroscopy (1D and 2D)
3.1.2.6 Cyclic voltammetry

3.1.2.1 Elemental analysis

Elemental analysis is an important principle mettwsdtudy
composition of elements in the ligand. From Tabl2, 3he analytical values
corresponded to the calculated values. Therefdre, composition of the Clazpy

ligand was confirmed by this method

Table 3.2 Elemental analysis data of the Clazpy ligand

_ % C % H % N
Ligand
Calc. Found Calc. Found Calc. Found
Clazpy 60.70 60.06 3.70 3.49 19.30 19.31

3.1.2.2 Fast-atom bombardment mass spectrometry

The Fast-atom bombardment (FAB) mass spectrometbasic
technique to determine molecular mass of compodirk important FAB mass
spectroscopic data of Clazpy with correspondingtied abundance is listed in Table

3.3 and the FAB mass spectrum of the Clazpy ligarsthown in Figure 3.3.
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Table 3.3 FAB mass spectrometric data of the Clazpy ligand

N

m/z Stoichiometry Equivalent species Rel. Abun. (%
218 [Clazpy + H] [M + H]* 100

M = Molecular weight of Clazpy = 217.66 g/mol

The maximum peak in an isotropic mass distributidiich gave 100%
relative abundance at m/z 218 is very closed tanbkecular weight of Clazpy with

one protonation. Thus, the measured molecular weugls consistent with expected

value.

100% 2T8 3.6E6
953 E3.4E6
90 F3.3E6
853 E3.1E6
80 E2.9E6
753 E2.7E6
703 E2.5E6
653 E2.4E6
60 E2.2E6
553 E2.0E6
503 £1.8E6
453 E1.6E6
403 E1.4E6
35] £1.3E6
30] E1.1E6
253 E9.0ES
204 189 E7.2E5
153 E5.4E5
10419 £3.6E5

si | E1.8ES
PENIA du L 1 . 1 Ll h . E0.0E0
100 7 1do” " T1do” T 180’ T T180 200 220 240 260 2800 7 3bo " T3Zo m/z

Figure 3.3 FAB mass spectrum of the Clazpy ligand
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3.1.2.3 Infrared spectroscopy

Infrared spectroscopy is an useful technique tatiflethe functional
group in compound. The IR spectrum of Clazpy ligavas recorded in the range
4000-400 crit using KBr pellets and shown in Figure 3.4. Thestld spectral data

are collected in Table 3.4.

Table3.4 IR data of the Clazpy ligand

Vibrational frequencies Wave numbers {®m
C=N, C=C stretching 1565(m), 1441(s)
N=N stretching 1364(s)
o 776(s)
C-H out of plane bending in
. 685(s)
monosubstituted benzene
638(m)
C-Cl stretching 547(s)

s = strong, m = medium

The characteristic peaks for determining strieguof Clazpy ligand
were observed. There are several stretching modéiférent intensities below 1800
cm® such as C=C, C=N stretching modes, C-H bendingemad monosubstituted
benzene and C-CI stretching mode belonged to pyidind phenyl rings. Those
modes showed strong to medium absorption at tlogiérecies similar to azpy which
appeared at 1584, 1578, 1498 and 1495 ¢on C=C, C=N (Krause and Krause,
1980).

The free Clazpy shows the N=N stretching vibraibdi364 crit,
meanwhile the N=N stretching mode of the free aliggnd appeared at 1420 ¢m
(Krause and Krause, 1980). The results indicatatthk electron delocalized into the
11" orbital of the azo function in Clazpy is greateartthat in azpy. It is due to the

effect of substituted chlorine at the fifth position pyridine ring which decreases the
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electron density on benzene ring. Thus, stabibratf the ring is occurred from

resonances of electron from N=N functional group.

80

60

40 —

% Transmittance

20

0

I T I I T T ] I
1800 1600 1400 1200 1000 800 600 400

Wave number (crf)

Figure 3.4 IR spectrunof the Clazpy ligand

3.1.2.4 UV-Visble absorption spectroscopy

UV-Visible absorption spectroscopy is a technigeedito study
electronic transitions of compounds having chronmophand(-conjugated system.
The electronic absorption spectra were measurédeimange 200-800 nm in various
solvents: hexane, CHEICHCl,, EtOAc, CHOCH;, DMF, DMSO, CHCN, EtOH
and MeOH solvents. In addition, the absorption spet of Clazpy in CHCI, is
shown in Figure 3.5. The summarized data are listdable 3.5.
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Table3.5 UV-Visible absorption spectroscopic data of tHazpy ligand

Solvent Amax, NM €2 x 10% M*em™)
Hexane 319 (2.4), 454 (0.1)
CHCly 327 (2.8), 449 (0.1)
CH.Cl, 324 (2.3), 451 (0.1)
EtOAC 321 (2.2), 452 (0.1)
CHsOCH, 332 (1.7), 450 (0.1)
DMF 324 (1.6), 449 (0.1)
DMSO 327 (2.0), 449 (0.1)
CH:CN 230 (0.8), 320 (2.1), 446 (0.1)
EtOH 226 (1.3), 325 (2.5), 449 (0.1)
MeOH 224 (1.1), 324 (2.2), 446 (0.1)

& Molar extinction coefficient

The absorption spectra of the Clazpy ligand digpdl two intense
bands in the range 220-460 nm exceptCM, EtOH and MeOH showed three bands
correspond to cut off solvent ranges. They aregassi ton—n with high molar
extinction coefficient§ ~ 28000 - 8500 Mcm™) in UV region and s>n transitions

with lower molar extinction coefficient ¢ 6000 -4000 Mcm?) in visible region.
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Figure 3.5 UV-Visible absorption spectruimf the Clazpy ligandh CHCL
3.1.25 Nuclear Magnetic Resonance spectroscopy (1D and 2D)

Nuclear Magnetic resonance spectroscopy is an itapiotechnique
for determination molecular structure of compoufikde NMR spectra of Clazpy was
recorded in CDGland the tetramethylsilane was used as an inteef@tence. The
structure of Clazpy was determined by using 1D @@ NMR spectroscopic
techniques!H NMR, *C NMR, 'H-'H COSY NMR, DEPT NMRH-*C HMQC
NMR. The chemical shift andcoupling constant data of Clazpy are listed inl&ab
3.6 and NMR spectra are shown in Figure 3.6 torei@ul0.



Nuclear Magnetic Resonance spectroscopy of thepglégand

4 3
8 9
Cl N

g d

Table 3.6 *H-"*C NMR spectroscopic data of the Clazpy ligand
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N TH NMR 3C NMR
posmons
S (ppm) J (Hz) number of H (CH-type)
6 8.69 (dd) 25,05 1 148.33
8,8 8.04 (m) - 2 123.63
4 7.87 (dd) 8.5, 2.5 1 138.00
3 7.81 (dd) 8.5, 0.5 1 115.86
9,9 132.43 (C9)
7.54 (m) - 3
10 129.18 (C10)
160.96 (C2)
Quaternary carbon (C) 152.21 (C5)
133.57 (C7)

d = doublet, dd = doublet of doublet, tt = triptdtriplet

signals for 8 protons which belonged to pyridind @henyl rings. The detail of each

signal could be explained below.

(dd) due to the coupling with proton H4 £ 8.5 Hz) and long range coupling with

proton H6 § = 0.5 Hz).

(dd) due to the coupling with proton H3 £ 8.5 Hz) and long range coupling with

proton H6 § = 2.5 Hz).

The'H NMR spectrum of Clazpy (Figure 3.6) displayedeSanance

The proton 3 resonance appeared at 7.81 ppm wdedmf doublet

The proton 4 resonance appeared at 7.87 ppm wdedf doublet
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The proton 6 resonance appeared at 8.69 ppm wsdedaf doublet
(dd) due to the coupling with proton H3£ 2.5 Hz) and proton H3 & 0.5 Hz). The
effect of chlorine and nitrogen atom on pyridinegrito proton H6 was to decrease
electron density. So, this proton appeared at thst ohownfield.

The proton 8, ‘@ositions was equivalent. They gave multiple (@akp
at 8.04 ppm because the located next to the ammait.

The proton 9, 'awere equivalent which located next to proton 8e Th
resonance showed multiplet (m) peak at 7.54 ppm.

The proton 10 was located next to@rd. The splitting pattern was
multiplet (m) at the same position of proton 9 &7gpm).

Moreover, the peak assignments were confirmedusing *H-'H
COSY NMR spectrum (Figure 3.7). They showed theetation of'H-'H coupling.

The results fron}’C NMR spectrum (Figure 3.8) corresponded to the
result of DEPT NMR spectrum (Figure 3.9), which wlkd only methane carbon
signals. The®*C NMR spectrum of Clazpy ligand showed 9 signalsIfb carbons.
The signal of quaternary carbon C2 which locateevéen nitrogen of azo functional
group and nitrogen of pyridine ring appeared at rtiest downfield (160.96 ppm).
The signals at 152.21 and 133.57 ppm belonged &tetpnary carbon C5 bonded
directly to chlorine atom on pyridine ring and Chieh located near only nitrogen
azo, respectively. The carbon C6, C4, C3 signalpyidine ring occurred at 148.33
ppm, 138.00, 115.86, respectively. The carbon Gd@ason phenyl ring occurred at
129.18 ppm. The signal at 123.63 and 132.43 ppne &ssigned to two equivalent
carbon of carbon C8 and C9, respectively.

Moreover, the™C assignments were supported by the HMQC NMR
spectrum (Figure 3.10), which showned the cormfatietweenH and **C NMR
spectra.

Therefore, the results of 1D and 2D NMR specteasvhelpful to us to

assign all signals corresponded to the correctbeeted structure of Clazpy ligand.
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4 3 CllH8N3CI
Cl - N 2 N
N\ 7 N\
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Figure3.7 *H-'H COSY NMR spectrum of the Clazpy ligand in CRCI
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Figure 3.9 DEPT NMR spectrum of the Clazpy ligand in CRCI
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Figure 3.10 *H-**C HMQC NMR spectrum of the Clazpy ligand in CRCI
3.1.2.6 Cyclic voltammetry

The redox behavior of Clazpy ligand in &, solution was examined
by cyclic voltammetric technique using a glassyboar as working electrode,
platinum wire as a reference electrode and a platidisk as auxiliary electrode. All
potentials were reported with reference to theofene/ ferricinium couple.

In this experiment, the different scan rates weseduo check the
couple or the redox reaction. The couple havingoatnequal anodic and cathodic
current was referred to reversible couple. On ttreerohand, the unequal currents
were referred to the unequally transfer of the tedecin reduction and oxidation
leading to irreversible couple. The cyclic voltanmgram in dichloromethane solution
of Clazpy ligand is shown in Figure 3.11. The ayalbltammetric data is listed in
Table 3.7.
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Table3.7 Cyclic voltammetric data of the Clazpy liganddii M TBAH CHCl,

at scan rate 50 mV/s (ferrocemarainternal standard)

Bz, V (AE, mV)
Compounds Oxidation Reduction
azpy - -1.96
Clazpy - -1.57 (125)

*E1 = (BEpa + Ed/2, where B, and Ec are anodic and cathodic peak potentials,
respectivelyAE, = Eja— By
b cathodic peak potential, YJullapun, T., 2004).

Oxidation range

The cyclic voltammograms of the azpy and Clazggrids showed no
signal in potential range 0.00 to +1.50 V.

Reduction range

The ligand reduction was studied in the rangé® @d-2.00 V. The
Clazpy ligand showed a quasi-reversible couple with electrons transfer process at
-1.57 V with peak-to-peak separation 125 mV, cqoesling to the electron acceptor
of the azo function as equation 3.1.

Clazpy + 2e==—= Clazpy (3.1)

The electrochemistry behavior of Clazpy was difféfeom that of
azpy. The one quasi-reversible was observed. Wlalpy showed only one
irreversible peak in this range. The negative pitdaenalues of Clazpy and azpy were
compared and showed that Clazpy could accept etebetter than azpy. In addition,

CV data correspond to IR data which showed the Ntfdtching mode at lower
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frequency of Clazpy (1364 ¢hthan that of azpy (1420 ¢th (Krause and Krause,
1980).

20 -

15

10

Current @A)

I I ! I I 4
1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0

Potential (V)

Figure3.11 Cyclic voltammogram of the Clazpy ligand in 0.1 BAH CH,CI,

at scan rate 50 mV/s @feene as an internal standard)
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3.2 Syntheses and characterization of the isomeric [Ru(Clazpy).Cl,] complexes
3.21 Synthesesof theisomeric [Ru(Clazpy),Cl;] complexes

The isomeric [Ru(ClazpyLl;] complexes were prepared by direct
reaction of Clazpy with an appropriate mole ratidngdrated ruthenium(lll) chloride
in refluxing ethanol as outline in Figure 3.12 (Med I). Three isomers as green, blue
and purple have been separated from the mixturehpgmatographic separation.
Their structural determinations were investigated X-ray diffraction analysis
corresponding to color bands &€ (green),ctc (blue), andccc (purple) isomers,

[Ru(Clazpy}Cl,] complexes, respectively.

Method | ad N,
W\

RuCk.xH,O
EtOH/reflux

Greenjtce-[Ru(Clazpy)Cly] Blue; ctc-[Ru(Clazpy)Cl,] Purple;ccc-[Ru(Clazpy}Cl,]
36% 13% 15%

Figure 3.12 Synthetic route for preparation of the isomeRa(Clazpy)Cly]
complexes (method I)

Interestingly, in method I, the green-isomer wasrtiost favored
isomer kinetically during reaction and was foundaasajor product, while the blue

and the purple isomers are minor. On the other hténedblue isomer is found as a
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main product in method Il (Figure 3.13) with twormar products as the purple and
dark green-[Ru(Clazpy)(5dmazpy)}Ckhat will be described later. It is noting that

only stable compounds occur in solvent with higlithg point. So, blue and purple

isomers are thermodynamically stable. In additisomerization from the green to

the blue and the purple isomers has also beenwvaukser

Cl \ / N\\N—

N

Method Il

RuCk.xH,0
DMF/reflux

N
N
o \ R
\,,’\I.C/Ru‘cl @ © P ‘\'\CI
N
\
/N | N\/N \
S cl =~ Cl
Blue; ctc-[Ru(Clazpy)Cl,) Purple;ccc-[Ru(Clazpy)Cl,)
50% 8%

[Ru(Clazpy)(5dmazpy)G]
7%

Figure 3.13 Synthetic route for preparation of the isomeRa(Clazpy)Cl,]

complexes (method I1)

The physical properties of isomeric complexes, {Rafpy)Cl,] are summarized in

Table 3.8.
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Table 3.8 The physical properties of the isomeric [Ru(Cigzpl,] complexes

Physical properties
Complexes Color Melting point
Appearance : : o
solid Solution (§(®))
tcc-[Ru(Clazpy)Cly] solid dark green green 319-320
ctc-[Ru(Clazpy}Cly] solid dark blue blue 330-331
ccc-[Ru(Clazpy)Cly] solid dark purple purple 329-330

The solubility of 0.0012 g of [Ru(Clazpyl,] complexes was tested
in 10 mL of various organic solvents such as hexteoteene, CHG| CH,Cl,, EtOAc,
CH;OCH;, DMF, DMSO, CHCN, EtOH, MeOH and kD. These compounds were
slightly soluble in EtOAc, toluene and MeOH andytheere more soluble in GEN
and CHOCH;. They were very soluble in CHELICH.Cl,, DMF, DMSO but

insoluble in hexane, EtOH and®l.

3.2.2 Characteization of theisomeric [Ru(Clazpy),Cl,] complexes

The chemistry of isomeric [Ru(Clazp@),] complexes were
characterized by Elemental analysis, Mass spectrgnefrared spectroscopy, UV-
Visible absorption spectroscopy, Nuclear Magnegsdhance spectroscopy (1D and
2D NMR). The electrochemical properties of all cdaxes were studied by using
cyclic voltammetric technique. The structure ofstheomplexes was confirmed by X-

ray crystallography.

3.2.2.1 Elemental analysis

Elemental analysis was used to confirm composuio@, H, N in
complexes. The analytical and the calculated vabfesomeric [Ru(ClazpyLly]
complexes are slightly different. Therefore, themposition of complexes was

confirmed by this method. The results are givemahble 3.9.
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Table3.9 Elemental analysis data of the isomeric [Ru(Qyapl,] complexes

% C % H % N
Complexes

Calc. Found| Calc. Founa Calc Found
tcc-[Ru(Clazpy)Cl,) | 43.51 | 43.99] 2.65 2.55 13.84  13.93
ctc-[Ru(Clazpy)Cl;] | 43.51 | 44.14| 2.65 2.58 13.84  13.88
cce-[Ru(Clazpy)Clo] | 43.51 | 44.15| 2.65 2.68 13.84  13.78

3.2.2.2 X-ray crystallography

The X-ray crystallography is the most importantt@que to confirm
the geometry of compounds. In this work, three ismytcc-[Ru(Clazpy}Cl,], ctc-
[Ru(Clazpy}Cl,] and ccc-[Ru(Clazpy)}Cl;] were determined. It is noting that the
arrangement of ligands around ruthenium center suaslar to those obtained by
others (Veldegt al., 2000; Seal and Ray, 1984).

X-ray structure ofcc-[Ru(Clazpy}Cl;]

Crystals suitable for X-ray analysis were growrshow diffusion of
acetonitrile into a chloroform solution at room t@emature. The crystal structure of
tcc-[Ru(Clazpy)Cl;] is shown in Figure 3.14. The crystallographicadate shown in
Table 3.10. Selected bond parameters associatédtiat metal ions are listed in
Table 3.11.



Table3.10 Crystal data and structure refinementtéor[Ru(Clazpy)Cl,]
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Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size
Refinement method

Goodness-of-fit on ¥
Final R indicesI>24() |

R indices (all data)

G2H16ClsNgRU

607.28

293(2) K

0.71073 A

Monoclinic

C2/c
a=16.67778)A «a=9C0
b=15.2136(8) A  p=7.8600(10)
c=18.3256(9) A y =90
4606.0(4) R
8

1.751 Mgfn

1.169 mrh
2416
0.398 x 0.18 x 0.127 Bm
Full-matrix least-squares-én
1.093

R1 = 0.0268wR2 = 0.0635
R1 =0.0296 wR2 = 0.0647




Table3.11 Selected bontkngths (A) and angle§)(and estimated standard
deviations faocc-[Ru(Clazpy}Cly]
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Distances

Ru(1)-N(1) 2.000(2) Ru(1)-N(4) 2.088(2)
Ru(1)-N(3) 1.991(2) Ru(1)-N(6) 1.996(2)
Ru(1)-ClI(2) 2.381(1) Ru(1)-Cl(1) 2.365(1)
N(2)-N(3) 1.292(3) N(2)-N(3) 1.284(3)
Angles

Cl(2)-Ru(1)-Cl(2) 171.32(2) CI(2)-Ru(1)-N(3) 968 ®)
Cl(1)-Ru(1)-N(4) 87.89(5) N(6)-Ru(1)-N(4) 75.22(8)
Cl(1)-Ru(1)-N(6)  94.91(5) N(4)-Ru(1)-N(1)  103.95(7)
Cl(1)-Ru(1)N(1)  85.25(5) N(4)-Ru(1)-N(3)  177.73(7)
Cl(1)-Ru(1)N(3) 89.85(6) N(6)-Ru(1)-N(1) 179.14(7)
Cl(2)-Ru(1)N(4) 86.20(5) N(3)-Ru(1)-N(6) 105.14(8)
Cl(2)-Ru(1)N(6)  89.73(5) N(3)-Ru(1)-N(1)  75.70(7)
Cl(2)-Ru(1)N(1)  90.01(5)

In tcc-[Ru(Clazpy)Cl,], the molecule consists of a central Ru atom

surrounded by six coordination centers. The atoanfangement around ruthenium
involves sequentially twirans-chlorides,cis-Nyy andcis-Na,, corresponding terans-
cis-cis configuration. The Ru-N(azo), Ru(1)-N(3) and Rul{p) distances (1.991(2),
1.996(2)A) are shorter than the Ru-N(pyridine), tRa(1)-N(1) and Ru(1)-N(4)
(2.000(2), 2.088(2)A). This situation is similar tbe corresponding distances in
[Ru(azpy}Cl;] and other azoimine complexs (Veldtmal.,2000; Hotzeet al., 2004).
This is due to greatet-backbonding from @(Ru)—= (azo). Moreover, the average
Ru-N(azo) distances in the title complex (1.993(2)& longer than those in
[Ru(azpy)Cly] (1.987(5)A) (Velderet al., 2000) and [Ru(tazpy¢ls] (1.967(3)A)
(Hotzeet al., 2004). However, the N=N bond distances (1.292(384(3)A) of the
title complex are shorter than those in [Ru(azPig] (1.302(8), 1.306(7)A) (Veldeat
al., 2000) and in [Ru(tazpy@ls] (1.300(4), 1.294(4)A) (Hotzet al., 2004). It is
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interesting to note that the Ru(1)-N(1) and Ru(1¥)N distances intcc-
[Ru(Clazpy)Cl;] (2.000(18), 2.088(2)A) is shorter than those Ru(azpy)Cls)]
(2.116(6), 2.099(5)A) (Veldert al., 2000) and in [Ru(tazp@ly] (2.085(3),
2.103(3)A) (Hotzeet al., 2004). This could be due to the effect of clilersubstituent
at the fifth position on the pyridine ring. Thiscacints for stronges-donor property
of Clazpy than the azpy and the tazpy ligands. Hemmbore, the Ru(1)-Cl(1), and
Ru(1)-CI(2) bond lengths in thécc-[Ru(Clazpy)Cly] (2.381(1), 2.365(1)A) are
comparable to those observed in the [Ru(a#fly) complex (2.377(2), 2.368(2)A)
(Velderet al., 2000) and [Ru(tazpy@ls] (2.377(2), 2.368(2)A) (Hotzet al., 2004).
In addition, the bite angles N(1)-Ru(1)-N(3), an4)NRu(1)-N(6) are 75.70(7)and
75.22(8Y, respectively around Ru(ll) center reveal a greed@siderable distortion of
the octahedral than that in [Ru(aziiy] (75.80(19), 75.4(2)(Velderet al., 2000).

Figure3.14 The structure dicc-[Ru(Clazpy}Cl,] (H-atom omitted)
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X-ray structure ottc[Ru(Clazpy)Cl;]

Crystals suitable for X-ray analysis were grownshyw
diffusion of toluene into a dichlromethane solut@nroom temperature. The crystal
structure ofctc-[Ru(Clazpy}Cl;] is shown in Figure 3.15. The crystallographicadat
are shown in Table 3.12. Selected bond parametscciated with the metal ions are
listed in Table 3.13.

Table3.12 Crystal data and structure refinementdiar[Ru(Clazpy}Cl]

Empirical formula G2H16ClsN6RU

Formula weight 607.28

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2lc

Unit cell dimensions a=10.8904(10)A «a=9C@

b=15.3931(13) A  £=91.320(%
c=14.5846(13) A y=9C

Volume 2444.3(4) R

yA 4

Density (calculated) 1.650 Mgfn

Absorption coefficient 1.102 mrh

F(000) 1208

Crystal size 0.35x 0.3 x 0.2 n¥m
Refinement method Full-matrix Ieast-squareszgn
Goodness-of-fit o2 1.040

Final R indicesIp20o(1)] R1=0.0274wR2 = 0.0662

R indices (all data) R1=0.0304wWR2 = 0.0676

Extinction coefficient 0.00306(19)
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Table 3.13 Selected bontengths (A) and angle§)(and estimated standard
deviations fatc-[Ru(Clazpy)C}]

Distances

Ru(1)-N(1) 2.037(2) Ru(1)-N(1)#1 2.037(2)
Ru(1)-N(3) 1.973(2) Ru(1)-N(3)#1 1.973(2)
Ru(1)-Cl(1) 2.403(1) Ru(1)-Cl(1)#1 2.403(1)
N(2)-N(3) 1.283(2)

Angles

Cl(2)-Ru(1)-N(1) 88.61(5) N(1)#1-Ru(1)-N(3)#1  78(7)
CI(1)-Ru(1)-N(3)#1 171.05(5) N(3)-Ru(1)-CI(1) 85.27(5)
CI(1)-Ru(1)-Cl(1)#1 90.69(3) N(3)-Ru(1)-N(1) 76.73(7)
Cl(1)-Ru(1)-N(1)#1 95.22(5) N(3)-Ru(1)-N(3)#1  99.82(1)
CI(1)#1-Ru(1)N(3)#1  85.27(5) ClI(1)#1-Ru(IN(L)#1 88.60(5)
N(1)-Ru(1)-N(3)#1 99.70(7) Cl(1)#1-Ru(1)-N(3)  171.05(5)
N(1)-Ru(1)-Cl(1)#1 95.22(5) N(L)#1-Ru(1)-N(3)  99.70(7)
N(1)-Ru(1)-N(1)#1 174.57(7)

Symmetry transformation used to generate equivaliemhs: #1,%+1,y, -z+1/2.

In ctc-[Ru(Clazpy}Cl,] complexthe ruthenium complex is sequently a
distorted octahedral with atomic arrangement arautiienium involves sequentially
two cis-chlorides, trans-N(pyridine) and cissN(azo). The Ru-N(azo) distance
(1.973(2)A) is shorter than the Ru-N(py) (2.037(2)dhich is similar to the
in [Ru(azii3fy] (Seal 1984) and-
[Ru(Hsazpy)Cl,] (Hotze et al., 2004). The average Ru-N(azo) distance in
[Ru(Clazpy}Cly] (1.973(2) A) is comparable to those in [Ru(azy)] (1.9805(4)A).

In addition, the N=N(azo) 1.284(2)A distance in [Rlazpy)Cl,] is comparable to
[Ru(azpyll] (1.281(6)A) and o-[Ru(Hsazpy)Cl)] (1.287(10)A).
Furthermore, the Ru-Cl bond lengths in this compb(®403(1)A) slightly longer
than those observed in the [Ru(az@h] complex (2.401(1)A, 2.397(1)A) (Seal and

corresponding distances and Ray,

those in
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Ray, 1984). In addition, the bite angle, N(1)-Ru{(B) is 76.73(7), similar to those
observed in the [Ru(azp@l,] complex. However, two angles around ruthenium(ll)
center, CI(1)-Ru-N(1) (88.61(%) and CI(1)-Ru-N(3) 85.27(8), reveal a greater
distortion of thetitle molecule than that in [Ru(azp@l,] (Seal and Ray, 1984) and
a-[Ru(Hsazpy)Cl,] (Hotze et al., 2004)complexes. It is worth to note that the Ru-
N(py) distance in [Ru(Clazp@l] (2.037(2)A) is shorter than that of [Ru(azgSi)]
(2.045(4)A and 2.051(4) A). This could be due te #ffect of chloride atom at the
fifth position increasing electron density on pymiel ring ands-donor property of the

N(pyridine) of Clazpy becomes stronger than thaheazpy ligand.

Figure3.15 The structure aoftc-[Ru(Clazpy}Cl,] (H-atom omitted)
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X-ray structure otcc[Ru(Clazpy}Cly]

Crystals suitable for X-ray analysis were grownshow diffusion
of toluene into a dichlromethane solution at ro@mperature. The crystal structure
of ccc-[Ru(Clazpy}Cl;] is shown in Figure 3.16. The crystallographicadate shown
in Table 3.14. Selected bond parameters assocmdthdhe metal ions are listed in
Table 3.15.

Table 3.14 Crystal data and structure refinementdce-[Ru(Clazpy}Cl]

Empirical formula G1H40CigN12R W

Formula weight 1306.69

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P1

Unit cell dimensions a=9.1099(6) A o = 74.7050(10)

b=10.2403(7) A 4= 74.3050(10)
c=15.7105(10) A » =85.1320(10)

Volume 1360.84(16) B

Z 1

Density (calculated) 1.594 Mgfn

Absorption coefficient 0.996 mrh

F(000) 654

Crystal size 0.238 x 0.219 x 0.154 im
Refinement method Full-matrix least-squares-én
Goodness-of-fit o2 1.011

Final R indicesI>20(1)] R1=0.0258wR2 = 0.0623

R indices (all data) R1 =0.0292wWR2 = 0.0649




Table3.15 Selected bontkngths (A) and angle§)(and estimated standard

deviations facc-[Ru(Clazpy)C}]

Distances
Ru(1)-N(3)
Ru(1)-N(6)
Ru(1)-N(4)
Ru(1)-N(2)
Ru(1)-Cl(2)
Ru(1)-ClI(1)
Ru(2)-N(9)
Ru(2)-N(12)

Angles
N(3)-Ru(1)-N(6)
N(3)-Ru(1)-N(4)
N(6)-Ru(1)-N(4)
N(3)-Ru(1)-N(2)
N(6)-Ru(1)-N(1)
N(4)-Ru(1)-N(1)
N(3)-Ru(2)-Cl(2)
N(6)-Ru(1)-ClI(2)
N(4)-Ru(1)-Cl(2)
N(1)-Ru(1)-Cl(2)
N(3)-Ru(1)- CI(1)
N(6)-Ru(1)-ClI(1)
N(4)-Ru(1)-ClI(1)
N(1)-Ru(1)-ClI(1)
CI(2)-Ru(1)-ClI(1)

1.967(6)
1.977(7)
2.026(8)
2.075(6)
2.376(2)
2.395(2)
1.924(7)
2.010(6)

96.5(3)
92.9(3)
76.1(3)
76.2(3)
171.2(3)
99.3(3)
88.6(2)
99.2(2)
175.1(2)
85.5(2)
169.9(2)
93.6(2)
88.5(2)
93.7(2)
90.91(9)

Ru(2)-N(10)
Ru(2)-N(7)
Ru(2)-CI(6)
Ru(2)-CI(5)
N(2)-N(3)
N(5)-N(6)
N(8)-N(9)
N(11)-N(12)

N(9)-Ru(2)-N(12)
N(9)-Ru(2)-N(10)
N(12)-Ru(2)-N(10)
N(9)-Ru(2)-N(7)
N(12)-Ru(2)-N(7)
N(10)-Ru(2)-N(7)
N(9)-Ru(2)-CI(6)
N(12)-Ru(2)-CI(6)
N(10)-Ru(2)-CI(6)
N(7)-Ru(2)-CI(6)
N(9)-Ru(2)- CI(5)
N(12)-Ru(2)-CI(5)
N(10)-Ru(2)-CI(5)
N(7)-Ru(2)-CI(5)
CI(6)-Ru(2)-CI(5)

2.053(8)
2.063(7)
2.390(2)
2.392(2)
1.236(9)
1.304(10)
1.344(9)
1.271(10)

97.8(3)
93.1(3)
76.9(3)
76.7(3)
172.8(3)
98.6(3)
88.5(2)
97.9(2)
174.3(2
86.7(2)
17¢2)
92.0(2
88.6(2
93.5(2)
90.62(9)
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In ccc-[Ru(Clazpy}Cl,] complex, the molecular structure (Figure3.45)
are alleis geometries with the atomic arrangement arounderutim involving
sequentially twacis-chlorides,cis-Npy andcis-Na;,, The majority bond distances of
RU-Nazo (N3, N6, N9, N12: 1.967(6), 1.977(7), 1.924(7) @h@10(6)A) are shorter
than that of Ru-Bj, (N1, N4, N7, N1: 2.075(6), 2.026(8), 2.053(8) an663(7)A).
Again, this situation is similar to the corresporgldistances in [Ru(azpgl,] and
other azoimine complexes which described previo(Skal and Ray, 1984). The
average Ru-N, distances in the title compleggc-[Ru(Clazpy)Cly] (1.969(6)A) is
slightly shorter than those in [Ru(azp®),] (1.981(1)A) (Seal and Ray, 1984).
Consequently, the average bond N=N 1.289(9)A distaim [Ru(ClazpyCl] is
longer than those in [Ru(azp®ls] (1.281(6)A). Furthermore, the average bond
distance of Ru-Cl is comparable to those obsermeitie [Ru(azpyCl,] complexes.
The cis-chloro angle of 90.9And 90.62 is nearly octahedral. In addition, the bite
angle (76.1(3), 76.2(3), 76.9(3), 76.7(3)) aroundIR center play an important role
to its structurally distortion.

Figure3.16 The structure ofcc-[Ru(Clazpy}Cl,] (H-atom omitted)
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3.2.2.3 Fast-atom bombardment (FAB) mass spectrometry

The FAB mass spectrum of the isomeric [Ru(Clazplg) complexes
are shown in Figure 3.17 to 3.19. The results axengn Table 3.16.

Table 3.16 FAB mass spectrometric data of the isomeric [Ruy&Cl,] complexes

m/z Stoichiometry Equivalent species  Rel. Abun. (%0)
tcc-[Ru(Clazpy)Cly]

391 [Ru(Clazpy)Ch + H] [M-Clazpy+H] 100

413 [Ru(Clazpy)C} +Na] [M-Clazpy+Na] 72
ctc-[Ru(Clazpy}Cly]

573 [Ru(Clazpy)Cl]* [M-CI]* 100

608 [Ru(Clazpy)Cl, + H] * [M+H]™ 82

631 [Ru(Clazpy)Cl, +Na] [M+Na]* 40
cce-[Ru(Clazpy)Cly]

573 [Ru(Clazpy)ClI]* [M-CI]* 100

608 [Ru(Clazpy)Cl, + HJ* [M+H]™ 84

631 [Ru(Clazpy)Cl, +Na'] [M+Na]” 50

M = molecular weight (MW) of each compounds
MW of [Ru(Clazpy}Cl;] = 607.29 g/mol; MW of Clazpy = 217.66 g/mol

In tcc-[Ru(Clazpy)Cly], the parent peak gave 100% relative
abundance at m/z 391 corresponding to the lossG&zpy ligand from the unstable
molecular ion at m/z 608. On the other handstmandccc-isomers, the parent peak
gave 100% relative abundance at m/z 573 correspgndi the lossing of a chloro
atom from the molecular ion at m/z 608. It was ¢oded that the structure of
complexes could be confirmed to be thens- or cis-isomers based on results of FAB
pattern. In addition, [M+H]and a cationized [M+N&Jcomplex are also detected.



77

204

100%
907

191

E 207 22
303 92332 5 268|285 2351 313 337 341 355 367 |
0 ittt m It 1 Lm] 1l
180 200 220 240 260 = 280 360 320 = 340 360 380 4o = 420 44

413

257 279

0 R R

o N

551

(%)

528
608

664

™

PP e
w o

o K

o
o
o
~
o

- 185
.0ES
.0E4
.8E4
.7E4
.6E4
.5E4
.4E4
.2E4

1E4

.0EQ

m/z

.1E5
.0E5
.0E4
.8E4
.7E4
.6E4
.5E4
.4E4
.2E4
.1E4
.0EQ

m/z

Figure 3.17 FAB mass spectrum ofc-[Ru(Clazpy}Cl;]

Ahipls
|

e
o
o.
N
—
Co WU kR R P OMDDDLDLW

O W N R E NN N W W

RA R Raaan aaAn A LLaas aaNReaass Lana) Rasas naRAR AR Rl

o
o]
(=]
<
(=]

.5E5
.2E5
.8E5
.5E5
.1E5
.8E5
.4E5
.1E5
.1E4
.5E4
.0EO0

m/z

.5E5
.2E5
.8ES5
.5E5
.1E5
.8E5S
.4ES5
L1ES
.1E4
.5E4
.0EO

m/z

Figure 3.18 FAB mass spectrum ofc-[Ru(Clazpy)Cly]



78

100% _1.2E5
90 E1.1E5
80 £9.5E4
70 £ 8.3E4
603 £7.2E4
503 E6.0E4
40] 329 E4.8E4
303 E3.6E4
203 E2.4E4
103 413 F1.2E4

il Tuttbisy ttF O .

01 0 400 420 '4icl)lm' 460 ° OErg/z
100% 573 1.2E5
903 co8 1.1E5
80 9.5E4
70] 8.3E4
60] 7.284
503 631 6.0E4
40] 4.8F4
303 535 3.6E4
2073 523 57t 2.4E4
10: 490 Sg8 1.2E4
0] eyl " 0.0E0

480 500 520 540 560 580 600 620 640 660 680 700 720 740 m/z

Figure3.19 FAB mass spectrum etc-[Ru(Clazpy}Cl;]

3.2.2.4 Infrared spectroscopy

The vibrational spectra of isomeric [Ru(Claz3fy] complexes are

significant in the range 1600-400 ¢niThey showed many vibration frequencies such
as C=C, C=N, N=N (azo), C-H bending of monosubtdubenzene and C-Cl. The
infrared spectroscopic data of these complexesgamen in Table 3.17 and these

spectra are shown in Figure 3.20 to 3.22.
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Table3.17 IR data of the isomeric [Ru(Clazp@l,] complexes

- Wave numbers (cif)
Vibrational
_ tcc- ctc- cce-
frequencies
[Ru(Clazpy}Cly] | [Ru(Clazpy)Cly] [Ru(Clazpy)Cly]
1588(m)
_ 1592(m) 1587(m)
C=N stretching 1541(m)
_ 1551(m) 1543(m)
C=C stretching 1454(m)
1459(m) 1444(s)
1443(s)
_ 1299(s) 1336(s) 1308(s)
N=N stretching
1283(s) 1284(s)
C-H out of plane 766(m) 770(m) 775(m)
bend in 738(m) 732(m) 733(m)
monosub.benzene 691(s) 694(m) 689(s)
C-ClI 596(s) 601(m) 596(m)

s = strong, m = medium

From data, they showed many vibrations with défe¢ intensities
below 1600 cnt which were used to give information about ligandrdinated to the
ruthenium center. Among of these modes, N=N stiegcls an important peak used
to be considered the-acid property in azo complexes. This mode exhibde 1364
cm® in the free Clazpy ligand and was shifted to lodveguencies in the isomeric
[Ru(Clazpy}Cl;] complexes around 1283-1336 ¢miThis evidence confirmed the
coordination of the Clazpy ligand to ruthenium egrds well as characteristic of azo
function to stabilize the lower oxidation state rothenium. Moreover, the N=N
stretching mode oftrans-orientation of two chelated azoimine groups tot-
[Ru(Clazpy}Cl,] occurred lower frequency than thatabé-orientation that irctc-and
ccc-[Ru(Clazpy}Cly]. It was due to the competition for the same mdtatbital and
may not perturb N=N stretching frequency signifitanThis results is similar to the
previous work (Misrat al., 1998).



80

% Transmittance

80

70

60

50

40

30

20

10

1800

1600 1400 1200 1000 800 600

Wave number (crf)

400

Figure 3.20 IR spectrunof tcc-[Ru(Clazpy)Cly]

% Transmittance

80

70—

60 —

50

40—

30—

20

1800

! ! I T ! T
1600 1400 1200 1000 800 600

Wave number (crf)

400

Figure 3.21 IR spectrunof ctc-[Ru(Clazpy}Cly]



81

80 —

70—

60 —

50—

40 —

% Transmittance

30 —

20—

10—y T T I T T T
1800 1600 1400 1200 1000 800 600 400

Wave number (crf)

Figure 3.22 IR spectrunof ccc-[Ru(Clazpy)Cly]

3.2.25 UV-Visible absorption spectroscopy

The UV-Visible absorption spectra of the isomeReI(Clazpy)Cly]
complexes were recorded in five solvents; CCH,CI,, DMF, DMSO and ChKCN
in 200-800 nm range. Electronic spectra of thesaptexes in CHCI, solution are
shown in Figure 3.23 to 3.25 and absorption spsctipic data are listed in Table
3.18.
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Table 3.18 UV-Visible absorption spectroscopic data of thamsoic

[Ru(ClazpyCl;] complexes

Amax (€2 X 10% M tem™)
CHCL CH.Cl, DMF DMSO CHCN
tcc- 247 (2.4) | 237 (2.4) | 272 (2.4) | 247 (2.1) | 205 (4.2)
[Ru(Clazpy}Cls] | 305 (1.9) | 305 (1.7) | 307 (2.7) | 308 (1.7) | 305 (2.1)
422 (1.3) | 419 (1.1) | 413 (1.7) | 421 (1.2) | 410 (1.3)
638 (1.4) | 639 (1.1) | 644 (1.8) |638(1.2) | 639 (1.5)
ctc- 246 (2.0) | 236 (3.0) 205 (4.1)
[Ru(Clazpy}Cls] | 329 (3.0) | 329 (3.8) | 329 (3.2) | 329 (3.2) |326(3.3)
590 (1.4) | 591 (1.4) | 589 (1.4) |588(1.4) |584 (1.5)
cce - 246 (2.1) | 234 (2.5) 220 (3.4)
[Ru(Clazpy}Cl,] | 359 (2.4) | 356 (2.2) | 348 (2.3) | 349 (2.2) | 346 (2.3)
580 (1.2) | 580 (1.1) | 578 (1.2) |575(1.2) |572 (1.2)

Compounds

& Molar extinction coefficient

The spectral data of complexes show absorptionm&a0-
800 nm (Table 3.12). The previous results of Clarggnd exhibit transition at 328
nm & ~ 20000 M'cm) and 4584 nm ¢ ~ 550 M*cmi*) which are due to intraligand
charge transfer transitiongt—n* and n—on* transition, respectively. Thus, the
transition in the complexes around 300-400 nm (M kégion) are probably the
ligand origin. While, transition around 572-640 r{iim visible region) are charge-
transfer transitions from metal-to-ligand chargensfer (MLCT) which are almost
observed in complexes with ligands having low-lyinty orbitals (Misra, et. al.,
1998).

In addition totcc-[Ru(Clazpy}Cl,] complex, a high intense transitions
(e ~ 10" M*cm?) in the region 64#3 nm was observed. Whereas, the and ccc-

[Ru(Clazpy}Cl;] exhibit highly intense transitiore (~ 10* M™*cm?) around 5824
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and 5764 nm. The energy of the MLCT transition is symmetgpendent (Santet
al., 1999).

The less symmetriccc-isomer (G symmetry) exhibit a stronger
interaction compared to the other isomets andccc-isomers; G symmetry) (Santra
et al., 1999). Thus, thecc-isomer exhibits a transition at the higher endh@n those

of ctc andtcc-isomers which can be arranged in order as follomEH,Cl,:

Complexes; ccc-[Ru(Clazpy)Ch] < ctc-[Ru(Clazpy)Ch < tcc-[Ru(Clazpy)Ch
nm); 580 591 639

The overlay spectra were shown in Figure 32addition, the lowest
energy absorption bands of [Ru(Claz3}] were not shifted when the polarity of

solvents was increased.
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Figure 3.23 UV-Visible absorption spectrumf tcc-[Ru(Clazpy}Cl,] in CH.CI,
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Figure 3.26 UV-Visible absorption spectraf tcc-, ctc- andcce-[Ru(Clazpy}Cly] in
CKCl

3.2.2.6 Nuclear Magnetic Resonance spectroscopy (1D and 2D
NMR)

The isomeric [Ru(ClazpyTl,] complexes were prepared in CRCI
using tetramethylsilane (Si(GH) as an internal reference. Their structures were
assigned by using 1D and 2D NMR (500 MHz) and tihRNspectroscopic data of
isomeric [Ru(ClazpyCl,] are presented in Table 3.19 to 3.21.

Nuclear magnetic resonance spectroscopygofRu(Clazpy)}Cly]

\
\ N Ill,,, “\\\\ N / 3
NS



Table 3.19 'H-*C NMR spectroscopic data tafc-[Ru(Clazpy}Cl;] in CDCls

86

- H NMR ¥C NMR
H-position
d (ppm) J(Hz) Amount of H (CH-type)
6 8.80 (d) 2.5 1 147.72
3 8.53 (d) 8.5 1 125.01
4 8.15 (dd) 8.5,25 1 140.67
8 7.52 (dd) 8.0,1.0 2 122.91
10 7.19 (tt) 8.0,1.0 1 130.94
9 6.98 (tt) 8.0,1.0 2 128.24
164.06 (C2)
Quaternary carbon (C) 157.73 (C5)
130.03 (C7)

d = doublet, dd = doublet of doublet, tt = tripbétriplet

The'H NMR spectrum (Figure 3.27) tdc-[Ru(Clazpy)Cly]
complex showed a symmetric complex with six signaissixteenth protons. The
chemical shifts of the pyridine protons appearedoater field than the phenyl
protons, especially proton H6 (8.80 ppm) due topisition located between the
coordinated nitrogen atom and inductive effect ldbade atom. The proton H3 and
H4 occurred in higher field than H6 at 8.53 andb&pm, respectively. The chemical
shift of phenyl protons (H8, H9 and H10) appearetha higher field than those of
proton on pyridine ring, especially proton H9 (6§8n). Moreover, all protons were
also confirmed their positions using simple cotiela ‘H-'*H COSY NMR
experiment (Figure 3.28).

The'*C NMR (Figure 3.29) results corresponded to the DEP
NMR (Figure 3.30) which showed only methane carbbme downfield signals at
164.06, 157.73 ppm were assigned to two quaterraapons C2 and C5,
respectively. While, the high field signal at 13®.@ppm was assigned to C7.
Moreover, the”*C NMR signals assignments were based'ldf’C HMQC NMR
spectrum (Figure 3.31).
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Figure 3.28 'H-'H COSY NMR spectrum atc-[Ru(Clazpy}Cl;] in CDCls
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Nuclear magnetic resonance spectroscopyaffRu(Clazpy)Cl;]



90

Table 3.20 *H-*C NMR spectroscopic data dfc-[Ru(Clazpy}Cl;] in CDCls

- TH NMR ¥C NMR
H-position
d (ppm) J (Hz) Amount of H (CH-type)
6 9.31 (dd) 3.0,1.0 1 150.00
3 8.42 (dd) 9.0,1.0 1 126.82
4 7.94 (dd) 9.0, 3.0 1 137.38
10 7.33 (tt) 8.0,1.5 1 130.51
9 7.17 (t) 8.0 2 128.67
8 6.81 (dd) 8.0,1.5 2 121.85
164.76 (C2)
Quaternary carbon (C) 155.20 (C5)
133.14 (C7)

dd = doublet of doublet, t = triplet, tt = triplet triplet

The'H NMR spectrum (Figure 3.32) and the chemical shiftes of
the ctc-[Ru(Clazpy)Cl;] complex are listed in Table 3.20. Again, one skesignal
was observed which similar to the resultstaf-[Ru(Clazpy}Cl,]. However, each
signal in the former slightly shifted to lower fiebr higher field than the later. So, it
suggested that it basically represents half ofntimdecule. The spectrum of thogc-
isomer is clearly divided into two parts. The doisld protons (H3, H4, H6) were
due to the pyridine ring and the upfield signafemed to the phenyl protons (H8, H9,
H10). The signal of proton H6 occurred at the lawesdd (9.31 ppm) due to the
affectiveness of both of the coordinated nitrogad ehloride atom. The proton H3
and H4 occurred at 8.42 and 7.94 ppm, respectivédig. proton H8 appeared at the
most high field (6.81 ppm). It was splitted by motH9 and H10J = 8.0, 1.5 Hz). A
triplet and doublet of doublet at 7.17 and 7.33 ppas due to proton H9 and H10,
respectively. In addition, this complex was alsedstd by using simple correlation
'H-'H COSY NMR spectroscopy (Figure 3.33).
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The'*C NMR (Figure 3.34) results corresponded to the DERIR
(Figure 3.35) which showed only methine carbon. @benfield signals at 164.76,

155.20 ppm were assigned to two quaternary carB@rend C5, respectively. While,

the high field signal at 133.14 ppm was assigne@?o Moreover, thé*C NMR

signals assignments were basedtd*C HMQC NMR spectrum (Figure 3.36).

H6

H3

RUGyoH1gNCly

cDcl,

H10

Figure 3.32 'H NMR spectrum ottc-[Ru(Clazpy)Cl,] in CDCl;
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Figure3.33 H-'H COSY NMR spectrum dadtc-[Ru(Clazpy}Cl,] in CDCls
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Figure 3.34 *C NMR spectrum oftc-[Ru(Clazpy}Cl,] in CDCl
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Nuclear magnetic resonance spectroscopee{Ru(Clazpy}Cl;]
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Table3.21 *H-*C NMR spectroscopic data ofc-[Ru(Clazpy}Cl,] in CDCls

'H NMR ¥C NMR
H-position
o (ppm) J(Hz) Amount of H (CH-type)
6A 9.72 (dd) 2.5 1 148.62
3A 8.48 (dd) 8.5,0.5 1 125.22
3B 8.35 (dd) 8.5,0.5 1 126.57
4A 8.12 (dd) 8.5,25 1 139.10
4B 7.89 (dd) 8.5,2.0 1 138.55
8B 7.78 (dd) 8.5,1.0 2 125.70
10B 7.49 (tt) 8.5, 1.0 1 131.54
9B 2 127.73
7.39 (m)
10A 1 130.30
9A 7.22 (1) 8.5 2 128.86
6B 7.20 (dd) 2.0,0.5 1 147.11
8A 6.72 (dd) 8.5,1.5 1 121.44
165.24 (C2), 163.54
C2), 157.18 (Ch),
Quaternary carbons (C) (C25) (CR)
155.53 (CB), 133.02
(C7a), 132.56 (C3)

dd = doublet of doublet, t = triplet, tt = triplet triplet, m = multiplet
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The'H NMR spectrum (Figure 3.37) @fc-[Ru(Clazpy)Cl;] showed
a doublet set of Clazpy signals due to non-equintadé ligands on the absence of C
axis. From the proposed structure, the pyriding wh each Clazpy ligand showed
distinquish signals due to arrangement of Clazplemdes around ruthenium center.
The pyridine ring A of Clazpy located trans to Nakb of the other one shows signal
at downfield compared with pyridine ring B locatdns to chlorine atom. It is to
note that the N=N azo unit isl-electron acceptor toward ruthenium center.
Consequently, phenyl ring B has more electron dgtisan the ring A. Moreover, all
protons were assigned based'dr*H COSY NMR spectrum (Figure 3.38).

The'*C NMR spectrum (Figure 3.39) showed 12 methinearsstand
6 quaternary carbons. The DEPT spectral data (Eigut0) presented only signal of
methane carbons. Moreover, tH€ NMR signals assignments were basedti°C
HMQC NMR spectrum (Figure 3.41).

RUGyoH1gNCly
Ns

H8,

Figure 3.37 *H NMR spectrum otcc-[Ru(Clazpy)Cl,] in CDCls
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From above results, it is concluded that this mettiseeffective to
differentiate between theis andtrans-isomers of the complex with regard to both
symmetrical and unsymmetrical complexes of sinmatarfiguration (Farah and Pietro,
2001). In this work, theH NMR spectra of the ligand compared to complexes
displayed the different configuration of the conxge i.e.tcc and ctc have G
symmetry whereascc has G symmetry. This is due to the arrangement of ligand
around ruthenium center. For ttee andctc-[Ru(clazpy)Cl;], the Clazpy ligand are
equivalents thus they showed 6 signals from sixteerions whereas in thecc-
[Ru(clazpy}Cl;], the pyridine and phenyl rings of each ligand amm-equivalent.
Thus NMR spectrum showed all proton as shown irureig3.37. Moreover, this
technique also illustrates the conformation chamjethe ligand after metal
complexation. In the free ligand, the lowest fiddonance is due to H6 (8.69 ppm) of
the pyridine whilst in the complex H6 has movedrore downfield (8.80, 9.31, 9.72
ppm intcc-, ctc- andccce- respectively). It is due to a change in electrengity on the
metal center upon chelation of the Clazpy ligancbulgh its nitrogen atoms. In
addition, H8 intcc-isomer is shifted to down field whereas shiftedipdield inctc. A
change of H6 and H8 shift is caused by metal coatdin. On the other handgc-
isomer is less symmetric than other forms and itpeas at higher chemical shift is
assigned to thecc-isomer. Again, we can summarize the NMR spectr&igure
3.42.
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3.2.2.7 Cyclicvoltammetry

The electrochemical behavior of the isomeric [Ra@ly)Cl,
complexes has been studied inCH as a solvent. All complexes exhibited couples
corresponding to the metal-based oxidation andessbee reduction in the sweep
ranging from -2.0 to +2.0 V. The electron trangissperties are shown in Figure 3.43
to 3.45. Furthermore, the measured potentials wenepared to the potential of the
ferrocene couple. The cyclic voltammetric datahefse compounds are listed in Table

3.22.

Table3.22 Cyclic voltammetric data of the isomeric [Ru(QsCl,] complexes in

0.1 M TBAH CECl, at scan rate 50 mV/s.(ferrocene as internal stdhda

aE]_/z , V (AEp, mV)
Compounds
Oxidation Reduction
tcc-[Ru(Clazpy)Cly] +0.65 (95) -0.93 (120), -1.18
ctc-[Ru(Clazpy}Cly] +0.82 (95) -0.91 (105), -1.32
cce-[Ru(Clazpy)Cly] +0.78 (100) -0.91 (105), -1.26

*E1r= (Bpa + Epg)/2, where Baand B are anodic and cathodic peak potentials,

respectivelyAE, = Eja— By
Pcathodic peak potential, V

In this work, each complex exhibits one oxidatiow &vo reduction
waves in the sweep range from -2.0 to +2.0 V. Thigep is similar to the mosf d
metal bisazoimine complexes, [Ru{C),] (Misra et al., 1998; Santrat al., 1999).

The anodic and cathodic peak sepapration varies 8120 mV.
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Oxidation potential

The potential of the isomeric [Ru(Clazp§).] complexes were studied
in the range 0.00 to +2.00 V and one reversible pouof ruthenium(ll)-
ruthenium(lll) was observed. The potential datatleé cis complexescic-, ccc-
[Ru(Clazpy)Cl;]) exhibited higher redox potentials by 0.1-0.2han the transtgc-
[Ru(Clazpy)}Cl;]). An increase in stability of the Ru(ll) state the ctc and ccc-
isomers may be due to a cis-oreinted of the az@niunction. Inctc and ccc-
[Ru(Clazpy}Cl;], the back bonding interactions occur with twodfeliént d-orbitals
while in tcc-orientation they will compete for the samel-drbitals. This may be
associated with the increase in effective chargehenruthenium inctc and ccc-
isomers and may shift the Ru(lll)/(Il) couple to magpositive values than itcc
(Byabartta et al., 2001). Moreover, thectc- isomer showed a slightly higher
Ru(ID/(111) couple (0.04 V) than that afcc-isomer. The oxidation process is shown in
equation 3.2.

Ru(Clazpy)Cl, — Ru(Clazpy)Cl," + € (3.2)

As expected, the oxidation potential of each compemore positive than that of the
parent compoundstc-[Ru(azpy)}Cly] (+0.71 V) (Jullapun, 2004) in according with
the extension of the correspondingramework. The present set of Ru(ll)/(I) redox
potential data of [Ru(Clazp@l,] are higher than [Ru(azpgl,]. This suggests that

the [J-acidity order of the ligand is arranged as follogi
Clazpy > azpy
Reduction potential
In the potential range from 0.00 to - 2.00 V, thisemers showed one
reversible couple and one cathodic peak which weferred to the electron

acceptance of the azo function in Clazpy ligantbfelin equation 3.3.

[[N=N-] == [-N-N-] == [-N-N-]* (3.3)
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From Table 3.16, the first reduction potentiatio andccc-
[Ru(Calzpy)C}] (-0.91 V) complexes exhibited slightly higher wes than that itcc-
[Ru(Clazpy)C}] (-0.93 V). These results indicate that ttrans-isomer is easier

oxidized than thecis-form. Generally, the first reduction potential cha used to

determinern-accepting ability of ligand. From previous studiéise first reduction

potential occurred at -1.03 V fatc-[Ru(azpy)}Cl,] (Jullapun, 2004). These results

showed that the Clazpy ligand is a bettexcceptor than azpy as listed in Table 3.23.

Table 3.23 Cyclic voltammetricdata of ruthenium(ll) complexa 0.1 M TBAH

ChbLCl, at scan rate 50 mV/s. (ferrocene as internal stdhda

Compounds
Oxidation Reduction

Clazpy - -1.57
tcc-[Ru(Clazpy)Cly] +0.65 (95) -0.93 (120), -1.18
ctc-[Ru(Clazpy}Cly] +0.82 (95) -0.91 (105), -1.32
cce-[Ru(Clazpy)Cly] +0.78 (100) -0.91 (105), -1.26

azpy - -1.98
ctc-[Ru(azpy)Cl,]° +0.71 -1.03, -1.55

*E1r= (Bpa+ Epg)/2, where Baand B are anodic and cathodic peak potentials,

respectivelyAE, = Epa— Epc
Pcathodic peak potential, V

“Jullapun, 2004
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Figure 3.43 Cyclic voltammogram afcc-[Ru(Clazpy}Cl,] in 0.1 M TBAH CH.CI,
at scan rate 50 mV/s (ferrecas an internal standard)
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Figure 3.44 Cyclic voltammogram oftc-[Ru(Clazpy}Cl,] in 0.1 M TBAH CH,Cl,

at scan rate 50 mV/s (ferrocene as amnat standard)
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Figure 3.45 Cyclic voltammogram ofcc-[Ru(Clazpy}Cl,] in 0.1 M TBAH CH.CI,

at scan rate 50 mV/s (ferraxas an internal standard)
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3.3 Synthesisand characterization of [Ru(Clazpy)(5dmazpy)Cl;]

3.3.1 Synthesisof the [Ru(Clazpy)(5dmazpy)Cl,] complex

[Ru(Clazpy)(5dmazpy)G] was synthesized by the reaction of
RuCkL.3H,O and Clazpy in DMF. Firstctc-[Ru(Clazpy}Cl;] occurred as a major
product like other bisazopyridine ruthenium complex(Santraet al., 1999).
Moreover, if the reaction proceeded for 3 h, theam of ctc-[Ru(Clazpy}Cl,] was
decreased with increasing the [Ru(Clazpy)(5dmazkjy)@s a mixed-azoimine
complex. It is interesting to note that the highlibg point of DMF play a significant
role for substitution reaction on a Clazpy ligandrbplacing the chloride atom with
nucleophile (-N(CH),) dissociated from solvent, followed by the additelimination
mechanism (Figure 3.46) to give the 5dmazpy ligaitdin the same molecule.

To prove the occurrence of the [Ru(Clazpy)(5dny32p] complex
from ctc-[Ru(Clazpy)Cl;], the monitoring a reaction using TLC of
ctc-[Ru(Clazpy)Cl;] in DMF was studied. The results showed that tiet®n turned
from blue to dark green indicating [Ru(Clazpy)(5am@aCkL], if the reaction
proceeded from 5 to 40 min. The desired product magied by chromatographic
process. The neutral-air stable complex is remainighanged upon exposure to air
even in solution for a month. The physical progsriof this complex are summarized
in Table 3.24.

Table3.24 The physical properties of [Ru(Clazpy)(5dmazpy)Cl

Physical properties

Complex _ | Melting point
Appearance  Color Solution
(°C)
_ dark
[Ru(Clazpy)(5dmazpy)G] solid dark green more than 36(

green
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The solubility of 0.0012 g of [Ru(Clazpy)(5dmazpipGvas tested in
10 mL of various organic solvents such as hexarlaemne, CHG, CH,Cl,, EtOAc,
CH3;OCH;, DMF, DMSO, CHCN, EtOH, MeOH and kD. The results showed that
this complex was slightly soluble in EtOAc, toluei#OH and MeOH and it was
more soluble in CkDCH;, CHCk, CH,Cl;, CHsCN, DMF, DMSO but insoluble in

hexane and water.

cl N | \
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N / \ Yy H
N C'}\/C_' 1 (} N/ N\
NIme-Ru; —_— N" CI cl
7, \ 4
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Figure 3.46 The proposed mechanism of [Ru(Clazpy)(5dmazpy)CI
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3.3.2 Characteization of [Ru(Clazpy)(5dmazpy)Cl;]

The chemistry of [Ru(Clazpy)(5dmazpy)iwas characterized by
elemental analysis, Mass spectrometry, Infraredtspgcopy, UV-Visible absorption
spectroscopy and Nuclear Magnetic Resonance speopg (1D and 2D NMR). The
electrochemical property of this complex was stdddg using cyclic voltammetric

technique.

3.3.2.1 Elemental analysis

The analytical values of [Ru(Clazpy)(5dmazpy]C@onsistent with the

calculated values. The result is given in Tablé&3.2

Table3.25 Elemental analysis data of the [Ru(Clazpy)(5dm3Zpy complex

% C % H % N
Calc. | Found | Calc. | Found| Calc. | Found
[Ru(Clazpy)(5dmazpy)G] | 46.80 | 46.81 | 3.60 3.59 15.92 15.99

Complex

3.3.2.2 X-ray crystallography

The X-ray crystallography is the most importantit@que to confirm
the geometry of compounds. The single crystal af({Razpy)(5dmazpy)G) showed

six coordination around the ruthenium atom.

X-ray structure of [Ru(Clazpy)(5dmazpy)I

Crystals suitable for X-ray analysis were growrshow diffusion of
toluene into a CBCl, solution at room temperature. The crystal strectéor
[Ru(Clazpy)(5dmazpy)G] is shown in Figure 3.47. The crystallographicadate
shown in Table 3.26. Selected bond parameters iagsdovith the metal ions are
listed in Table 3.27.
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Table3.26 Crystal data and structure refinement for [Ru(Claggmazpy)C]

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient
F(000)

Crystal size
Refinement method
Goodness-of-fit offF2

Final R indicesIp20o(1)]

R indices (all data)

£H2.ClzN7Ru

615.95

293(2) K

0.71073 A

Monoclinic
P2i/c

a=17.4358(13) & = 90.
b =10.5913(8) A B =116.5740(10)
c=15.7185(12) A y =90
2596.1(3) &
4

1.576 Mg#n

0.940 mrh
1240
0.3 x 0.3 x 0.25 n¥m
Full-matrix least-squares-én
1.067
R1 = 0.0322wR2 = 0.0765
R1 = 0.0369wWR2 = 0.0790
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Table 3.27 Selected bontengths (A) and angle§)(and estimated standard
deviations for [Ru(Clazpy)(5dmpgxCl,]

Ru(1)-N(2)
Ru(1)-N(2)
Ru(1)-N(4)
Ru(1)-N(5)
C(13)-N(7)

Angles
N(1)-Ru(1)-N(4)
N(2)-Ru(1)-N(4)
N(4)-Ru(1)-N(5)
Cl(1)-Ru(1)-Cl(2)
CI(1)-Ru(1)-N(2)
Cl(1)-Ru(1)-N(5)
Cl(2)-Ru(1)-N(2)
CI(2)-Ru(1)-N(5)

2.040(2)
1.943(2)
2.030(2)
2.005(2)
1.354(4)

172.4(1)
96.1(1)
76.8(1)
89.86(3)
172.82(9)
83.48(7)
87.50(9)
169.31(6)

Ru(1)-Cl(1)
Ru(1)-CI(2)
N(2)-N(3)
N(5)-N(6)

C(2)-CI(3)

N(1)-Ru(1)N(5)
N(2)-Ru(1)-N(5)
N(1)-Ru(1)-N(2)
CI(1)-Ru(1N(1)
CI(1)-Ru(1)N(4)
CI(2)-Ru(1)-N(1)
CI(2)-Ru(LN(4)

2.422(1)
2.401(1)
1.293(4)
1.288(4)

1X(3)

101.6(1)
100.1(1)
76.8(1)

96.42(7)

90.77(6)
87.38(9)

95.04(8)

In [Ru(Clazpy)(5dmazpy)G], Ru(ll) is in octahedral environment

bonded to two nitrogen atoms of the Clazpy, twoogién atoms of the 5dmazpy and

two chloride atoms. The chloro ligands arg whereas the nitrogen pyridine atoms

aretrans. The pyridine N atom, N(1) of Clazpy is trans hattof 5dmazpy, N(4). The
Ru(1)-N(4) bond length (2.030(2)A) of 5dmazpy isodbr than the Ru(1)-N(1)
(2.040(2)A) distance. This shortening may be duthéoeffect of N(CH), group on

the pyridine ring of 5dmazpy. The N(G}dacts as a better electron donating group to

the pyridine ring than the chlorine atom and makespyridine of 5dmazpy stronger
o donor than that of Clazpy corresponding to the dodength of N(7)-C(13)

1.354(4)A of 5dmazpy and CI(3)-C(2) 1.725(5)A oa@py, respectively. In addition,
both of the Ru-N(py) from 5dmazpy and Clazpy areorsr than those in
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[Ru(azpy)Cly] (2.045(4)A, 2.051(4)A)(Seal and Ray, 1984), [Ru(HsazpyCl
(2.032(7)A) (Hotzeet al., 2004) and [Ru(4mazp@ly] (2.032(7)A, 2.057(7)A)
(Hotzeet al., 2004)but longer than those in [Ru(azpy)(bpyal2.028(2)A) having
an azoimine ligand (Hotzet al., 2004). Moreover, the increasing electron density
ruthenium center gives rise to the shortening RR)}N{stance of Clazpy (1.943(2)A)
compared with Ru-N(5) distance of 5dmazpy (2.005(3he average these bond
(1.974(2)A) in the title compound are comparabldRa(4mazpy)Cls] (1.977(6)A)
(Hotze et al., 2004) but shorter than those in [Ru(HsazPi] (2.011(7)A,
1.981(7)A) (Hotzeet al., 2004) and longer than those in [Ru(azpy)(bpy)C
(1.937(2)A) (Hotzeet al., 2004). It is noted that the N(2)-N(3) distante203(4)A) in
Clazpy is longer than that of the N(5)-N(6) bondgdth (1.288(4)A) in 5dmazpy. This
indicates that the Clazpy ligand is a betteacceptor than the 5dmazpy ligand.
Moreover, the Ru-Cl(1) bond (2.422(1)A) which iarts to N=N(azo) of Clazpy is
longer than that in the Ru-Cl(2) bond (2.401(1)Ayhich trans to 5dmazpy and
comparable to those of [Ru(azp®),] complex (2.401(1), 2.397(1)A) (Seal and Ray,
1984)and other compounds. The bite angles of Clazpy5aihdazpy are 76.8(1)
This makes the molecule distorted octahedral.

Figure 3.47 The structure of [Ru(Clazpy)(5dmazpy)JQH-atom omitted)
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3.3.2.3 Fast- atom bombardment(FAB)

The FAB mass spectrum of [Ru(Clazpy)(5dmazpy])Gbmplex is
shown in Figure 3.48. The results are given in #&oP8.

Table 3.28 FAB mass spectrometric data of [Ru(Clazpy)(5dmaZpy)

m/z Stoichiometry Equivalent species  Rel. Abun. (%)
[Ru(Clazpy)(5dmazpy)G]

617 | [Ru(Clazpy)(5dmazpy)GHH]* [M+H]™ 100

580 | [Ru(Clazpy)(5dmazpy)CI] [M-CI]* 86

M = molecular weight (MW) of [Ru(Clazpy)(5dmazpy}CE 616.00 g/mol

The FAB mass spectrum of [Ru(Clazpy)(5dmazpy))@dicates the
presence of two main intense peaks (m/z = 61758%). The first (m/z = 617)
corresponds to the molecular ion which one proionatThe second (m/z = 580)
corresponded to the loss of a chloro ligand from({Razpy)(5dmazpy)G] molecule.
So, the measured molecular weights were consistatfit the expected values.
Moreover, a losing chloro ligand from [Ru(Clazpy(®azpy)Cj] molecule shown in
FAB pattern is similar to be found ictc-[Ru(Clazpy}Cl,] patterns that described
previously.

Results from X-ray data, the bond distance of RuvQith trans to
N=N bond of Clazpy (1.293(,&)) is longer than that of 5dmazpy (1.288@.)80, itis
possible to summarize that the former is more yadib loss from

[Ru(Clazpy)(5dmazpy)G] molecule than the later as shown in Figure 3.49.



112

100%

225

100%

617

640

.6E5
L4E5
F1.3E5
F1.1E5
F9.5E4
E7.9E4
E6.3E4
E4.784
E3.2E4
£1.6E4
0.0E0

m/z

L6E5
.4E5
.3E5
.1E5
_5E4
.9E4
.3E4
E4.7E4
E3.2E4
E1.6E4

AR T AT AR T T YA Sy A v A vy Tr A TaD Y FArY P T T.an Y

m/z

Figure 3.48 FAB mass spectrum of [Ru(Clazpy)(5dmazpy)CI
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Figure 3.49 Fragmentation diRu(Clazpy)(5dmazpy)G]
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3.3.2.4 Infrared spectroscopy

The Fourier-transform IR spectrum of [Ru(Clazpy)(&atpy)C}]
complex was recorded as a KBr disc in 4000-400' ange. They exhibited many
characteristic frequencies such as C=C, C=N, N=K{ =nding of monosubstituted
benzene and C-Cl modes with variable intensitidsvbel 600 cni. The infrared
spectroscopic data of [Ru(Clazpy)(5dmazpy)G$ given in Table 3.29 and this
spectrum is shown in Figure 3.50.

Table3.29 IR data of the [Ru(Clazpy)(5dmazpy}ctomplexes

Vibration modes Frequencies (¢jn
. 1589 (s)
C=N stretching and
_ 1560 (m)
C=C stretching
1441(m)
"Ichs (out of plane bending) 1380 (m)
_ 1312 (s)
N=N(azo) stretching
1282 (s)
C-N stretching 1130 (m)
C-H out of plane bend in 768 (M)
monosubstituted benzene 693 (M)
C-Cl 596 (s)

s = strong, m = medium

The vibration frequencies below 1600 tmere used to give
information about coordinated ligand to the ruthemicenter. The N=N stretching is
an important peak which used to be considereditheid property in azo complexes.
This mode exhibited at 1364 &in the free Clazpy ligand and it was shifted to éow
frequencies in the [Ru(Clazpy)(5dmazpyjGiomplexes around 50-80 ¢hat 1312
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and 1282 cni corresponded to the azo moieties in the 5dmazpy @ladpy,
respectively.

In general, the N=N stretching mode in [RufLly] are relative low
compared to free ligand values due jp-t+n*(azo) donation €-backbonding). The
extent of this donation would increased with desirgg the N=N frequency. In
addition, the trend in N=N frequencies and N=N baiigtance are mutually which

summarized in Table 3.30.

Table3.30 The IR data and X-ray data of N=N in [Ru(Clazpy)tekpy)C}]

compared to free Clazpy ligand

IR stretching mode Bond distances
Compounds L
(V=n, CTY) (N=N, A)
[Ru(Clazpy)(5dmazpy)G] 1312 (5dmazpy) 1.288(4)
1282 (Clazpy) 1.293(4)
Clazpy 1364 -
80
70~
© 60 —
‘é 50
g
- 40 —
30—
20
o | I | | | |
1800 1600 1400 1200 1000 800 600 400
Wave number (cr)

Figure 3.50 IR spectrum of [Ru(Clazpy)(5dmazpy){lI
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3.3.25 UV-Vishble absorption spectroscopy

The UV-Visible absorption spectra of [Ru(Clazpgthazpy)d]
complexes were recorded in five solvents; CCH,Cl,, DMF, DMSO and ChKCN
in 200-800 nm range. Electronic spectra of this glemin CHCI, solution are shown

in Figure 3.51 and absorption spectroscopic dadisted in Table 3.31.

Table 3.31 UV-Visible absorption spectroscopic data of the
[Ru(Clazpy)(5dmazpy}tomplex

Solvents Amax, NM €2 x 10* M em™)
CHCly 246 (1.8), 328 (2.1), 404 (1.4), 469 (1.3), 591 (1.3)
CH,Cl, 235 (2.6), 327 (2.4), 406 (1.6), 470 (1.5), 593 (1.5)
DMF 323 (2.4), 415 (1.5), 474(1.7), 592 (1.6)
DMSO 265 (1.2), 324 (2.2), 413 (1.4), 475 (1.6), 595 (1.5)
CH:CN 207 (2.7), 228 (2.6), 321 (2.4), 410 (1.6), 470 (1.7), 590 (1.6)

& Molar extinction coefficient

The absorption spectrum of [Ru(Clazpy)(5dmazpy))®hs recorded
in UV-Visible region (200-800 nm). Form previousidies, the free Clazpy ligand
displays two absorption bands at 325 (10" M™*cm?) and 450 nmg ~ 600 M*cm™)
which have been assignedite>n* transition and r>nt* of Clazpy respectively. In
[Ru(Clazpy)(5dmazpy)G)], it displayed five absorption bands in both U\Mdansible
region. These were assigned to intraligand and lsteefgand charge transfer
(MLCT) transition. The transition energy of thessntls varied with the nature of the
ligand acting ast-acceptor. Results from X-ray data revealed thaz@} is a better
n-acceptor than 5dmazpy considering the bond distasfc N=N 1.293(4§ and
1.288(4)& for Clazpy and 5dmazpy, respectively. Therefohe kast MLCT band
belong to d(Ru) — =n*(Clazpy). In addition, the lowest energy absorptisand of
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[Ru(Clazpy)(5dmazpy)G] were not shifted when the polarity of solventsswa

increased.

235
0.6 327

0.4
406 470 593

0.3

Absorbance

0.2

0.0

I T T T T
200 300 400 500 600 700 800

Wavelength (nm)

Figure 3.51 UV-Visible absorption spectrum of [Ru(Clazpy)(5drpg)Ch] in
Cicl,

3.3.2.6 Nuclear magnetic resonance spectr oscopy

The stereochemistry of the complex was supportetbgnd 2D
NMR (*H, *C, DEPT,COSY and HMQC NMR) spectral data (Table 3.32) cbéd
in CDCL. Tetramethylsilane (Si(CHk) was used as an internal reference. The signals
were assigned on the basic of the spin-spin iniera@and on comparing with free

ligand values.
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Table 3.32 'H-*C NMR spectroscopic data of [Ru(Clazpy)(5dmazpy))Cl

LU u ] 3
0 | Ny
/N
s |,
ey =
ha
'H NMR 3C NMR
position

3 (ppm) J(Hz) | Amount of H (CH-type)
6A 9.25 (dd) 25,05 1 149.61
6B 8.61 (d) 3.0 1 135.22
3A 8.37 (dd) 8.5, 0.5 1 125.10
3B 8.22 (d) 9.0 1 128.86
4A 7.85 (dd) 85,25 1 136.78
10A 7.28 (tt) 8.0, 1.0 1 129.24
10B 7.22 (tt) 8.0, 1.0 1 129.11

9A 128.40

7.12 (m) - 4

9B 128.25
4B 7.08 (dd) 9.0, 3.0 1 117.35
8A 6.89 (dd) 8.0,1.0 2 122.06
8B 6.66 (dd) 8.0,1.0 2 121.93

CHjs 3.09 (s) - 6 40.26

Quaternary carbons (C)

165.43(CR), 60.78(C23),
156.06(C2), 55.28(C%),
154.06(C7%), 46.80(C%8)

s = singlet, d = doublet, dd = doublet of doultiet, triplet of triplet, m = multiplet
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From the'H NMR spectrum (Figure 3.52), the H6 signal on giyré
of Clazpy was observed at 9.25 ppm and more dolntiran H6 of 5dmazpy due to
less electron delocalization in Clazpy comparedstinazpy. The methyl proton
signals were observed at 3.09 ppm corresponddetb{CH), group in 5dmazpy. In
addition, the nitrogen pyridine coordinated to arttum center caused the protons
H3, H4 and H6 occurred at lower downfield than pnst H8, H9 and H10 in phenyl
ring. Moreover, the peak assignment was supponeédults from simple correlation
'H-'H COSY NMR spectroscopy (Figure 3.53).

The'*C NMR (Figure 3.54) results correspond to the DERR
(Figure 3.55) showed methine and methyl carbons. ddwnfield signals below 146
ppm was belong to quaternary carbons (C2, C5 andfClazpy and 5dmazpy). The
high field carbon belonged to methyl carbon at 8pm. Moreover, thé’C NMR
signals assignments were basedtd*C HMQC NMR spectrum (Figure 3.56).

4 Cl CH
RuGyH;,N-Cly

H3C = 3
SN
s
H6,

9 8 7 ‘ 6 3 ppm

Figure3.52 'H NMR spectrum of [Ru(Clazpy)(5dmazpy)}fin CDCl;
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Figure 3.53 H-'H COSY NMR spectrum of [Ru(Clazpy)(5dmazpyjGh CDCl;
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Figure3.54 *C NMR spectrum of [Ru(Clazpy)(5dmazpy)bh CDCls



120

129.239
125.102

zs)

~

T8~

=t

-~

SRR

~

CH,

40.256

Figure 3.55 DEPT NMR spectrum of [Ru(Clazpy)(5dmazpy)Gh CDCl;
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Figure3.56 *H-*C HMQC NMR spectrum of [Ru(Clazpy)(5dmazpy)jdh CDCl;



121

3.3.2.7 Cyclic voltammetry

The electrochemical behavior of the [Ru(Clazpy)(&dpy)C}]
complex in CHCI, was examined by cyclic voltammetry (CV). The exantative
voltammogram (Figure 3.57) displayed metal oxidaion the positive potential and
ligand reductions on the negative potential witepext to ferrocene. The result is
given in Table 3.33. The measurement was carri¢@toa scan rate of 50 mV/s in the
potential range +2.00 V to -2.00 V.

Table 3.33 Cyclic voltammetric data of [Ru(Clazpy)(5dmazpijGn 0.1 M TBAH

ChbLCl, at scan rate 50 mV/s (ferrocene as internal stdihda

12,V
Oxidation Reduction
[Ru(Clazpy)(5dmazpy)G] +0.55 (105), +1.31| -1.16 (105), -1.58

Compound

%E112= (BEpa+ Epg)/2, Where E, and ¢ are anodic and cathodic peak potentials,
respectivelyAE, = Eja— By

Pcathodic peak potential, V

“anodic peak potential, V

Oxidation potential

In this range, the cyclic voltammogram of [Ru(Clggpdmazpy)Cl]
displayed one reversible couple at +0.55 V and enpelbk at +1.31 V. It is believed
that the first one belonged to Ru(ll)/(1ll) couplaad the later may be due to the
substituted (-N(Ch)2) on pyridine ring compared with the results froac-
[Ru(Clazpy)}Cl;. The Ru(l)/(lll) couple of [Ru(Clazpy)(5dmazgyh,] (+0.55 V)
appeared at the most lowest potential comparegtictfRu(azpy}Cl,] (+0.71 V) and
ctc-[Ru(Clazpy}Cl,] (+0.82 V). These could be explained that 5dmabpying
methyl as electron-donating group increases eleasmsity to the ruthenium center.
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Consequently, [Ru(Clazpy)(5dmazpy)[is easier oxidized thaotc-[Ru(azpy}Cly]
(Jullapan, T., 2004) andc-[Ru(Clazpy)}Cl;] which no (-N(CH),) group.

Reduction potential

In the negative potential from 0.00 to - 2.00 \&db were assigned to
the reduction of coordinated azo (-N=N-) groupse ™=N function in azopyridine
ligand was known to be a potential electron transfenter and could accept a
maximum of two electrons. Moreover, the first retitut may be expected to involve
the ligand having the most stable lowest unoccupredecular orbital (LUMO),
which is dominated by azo function of Clazpy thamazpy (Byabarttat al., 2001).

In this work, one reversible couple and one cath@eiak of [Ru(Clazpy)(5dmazpy)
Cly] occurred at -1.16 and -1.58 V. The expected reolu@rocesses are displayed in
equations 3.4 to 3.5.

[Ru(Clazpy)(5dmazpy)G] + €& — [Ru(Clazpy)(5dmazpy)C] (3.4)
[Ru(Clazpy')(5dmazpy)Cl] +. € — [Ru(Clazpy)(5dmazpy')Cly] (3.5)

These processes revealed that the first reductitanpal in
[Ru(Calzpy)(5dmazpy)G] occurred at -1.16 V referred to more electroneatiog
ability of Clazpy than 5dmazpy (-1.58 V). This @&6sult was consistent with the X-
ray data which showed longer N=N bond distancelaz @ than 5dmazpy. The data
are summarize in Table 3.34. These results shoatdie Clazpy ligand was a better
[-acceptor than 5dmazpy within the same molecule.
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Table3.34 Comparisons of CV and X-ray data in ruthenium a@oé complexes

Complexes B,V N=N bond distance A
[Ru(Clazpy)(5dmazpy)G] -1.16 1.293(4)
-1.58 1.288(4)
4
| [
.
Ru(I/(I1n)
—_—
< 7
5
S e
@)
0
-6 T T T T T T T
1.5 1 0.5 (0] -0.5 -1 -1.5 -2
Potential (V)

Figure 3.57 Cyclic voltammogram of [Ru(Clazpy)(5dmazpy)dh 0.1 M TBAH

CHCI, at scan rate 50 mV/s (ferrocene as an internatiata)
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3.4 Synthesesand characterization of [Ru(Clazpy).(L)](PFs)2 (L = bpy, phen,
azpy, Clazpy)

3.4.1 Synthesesof [Ru(Clazpy)2(L)](PFs)2 (L = bpy, phen, azpy, Clazpy)

Dichlrobis(5-chloro-2-(phenylazo)pyridinefnenium(ll) of cic-trans-
cis (ctc) configuration have been used as the precursoplesnior preparation of the
ionic compounds, [Ru(Clazpy).)](PFe). where L is bpy, phen, azpy, Clazpy. The
preparation was done by refluxing the precursie;[Ru(Clazpy}Cl,], excess L
ligands and AgN@in methanol. Precipitation of these complexes wasied out by

adding NHPFsin the reaction mixture according to procedure showFigure 3.58.

2+

| N
/\'/Nn,..h,_‘ | «Cl
\ - |\C|

N

\! N

7\
~ Cl

| cte[Ru(Clazpy)cl,] |

Il
N

AgNo,/MeOH /\/ . | ~N
. @' RuZ
> . / \N
~
reflux/Excess LINEPF; N |

\ N
(bpy, phen, azpy, Clazpy) Newy/ \

~ Cl

. 2PFg

| Ru(Clazpy)(L)I(PFy), |

VRN _
N N = bpy, phen, azpy, Clazp

Figure 3.58 Synthetic routes for the preparation of [Ru(Clazfy](PFe)2
(L = bpy, phen, azfyazpy)




The physical properties of this complex are sumpearin Table 3.35.
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Table 3.35 The physical properties of [Ru(Clazp{h)](PFs). (L = bpy, phen, azpy,

Clazpy)
Physical properties
Complexes Color Melting point
Appearance
solid solution (°C)
[Ru(Clazpy}(bpy)](PF)2 solid dark red red 251-252
[Ru(Clazpy)Zphen)](PFk) solid dark red red 209-209
[Ru(Clazpy}(azpy)](PFk)2 solid dark brown| light brown 252-253
[Ru(Clazpy}](PFs)2 solid dark brown| light brown 250-251

The solubility of 0.0012 g of [Ru(Clazpy)](PFs)2 (L = bpy, phen,
azpy, Clazpy) was tested in 10 mL of various sdisehexane, CHG] CHCI,,
CH;OCH;, DMF, DMSO, CHCN, EtOH, MeOH and kD. They are slightly soluble
in EtOH and HO and they were more soluble in MeOH, CE@H,Cl,. They were
very soluble in CHOCHz, DMF, DMSO, CHCN but insoluble in hexane.

3.4.2 Characteization of [Ru(Clazpy).L](PFe) (L = bpy, phen, azpy,
Clazpy)

The chemistry of [Ru(ClazpyL)](PF). complexes were characterized

by elemental analysis, Mass spectrometry, Infraggmbctroscopy, UV-Visible
absorption spectroscopy, Nuclear Magnetic Resonapeetroscopy (1D and 2D
NMR). The electrochemical properties of all comglexvere studied by using cyclic

voltammetric technique.
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3.4.2.1 Elemental analysis

Elemental analysis was used to confirmed compasdfcC, H, N in
complexes and the results are given in Table 3Bé.analytical values corresponded
to the calculated values. Therefore, the compasitib [Ru(Clazpy)(L)](PFs). was
confirmed by this method.

Table 3.36 Elemental analysis data of [Ru(Clazgl)](PF). (L = bpy, phen, azpy,

Clazpy)
% C % H % N
Complexes
Calc. | Found | Calc. | Found| Calc. | Found
[Ru(Clazpy}(bpy)](PFs)2 39.12 38.72 2.46 2.37 11.40 11.58
[Ru(Clazpy)(phen)](Pk). | 40.57 | 40.40| 2.40| 237 11.18 11.53
[Ru(Clazpy}(azpy)](PFK). | 39.26 39.07 2.50 2.52 12.49 12.92
[Ru(Clazpy}](PFe)2 37.97 37.54 2.32 2.23 12.08 12.54

3.4.2.2 X-ray crystallography

In this work, replacing two chlorides by phen aa@yain the parent
complex, ctc-[Ru(Clazpy}Cl;] give a large molecule which difficult to identithe
précised structure. Although NMR technique was uded determine the
stereochemistry, but overlapping of three pyridiaesl phenyl rings make it more
difficult for interpretation. Fortunately, singleystal X-ray diffraction studies
provide the most convincing evidence for the mdicistructures and absolute
geometry of [Ru(Clazpyjphen)](Pk). and [Ru(Clazpy(azpy)](PFk)..



X-ray structure of [Ru(Clazpyjphen)](PFk)2
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Crystals suitable for X-ray analysis were growrshyw diffusion of

methanol into an acetone solution at room tempegaflhe crystal structure of the

title compound is shown in Figure 3.59. The crystabphic data are shown in Table

3.37. Selected bond parameters associated witéite ions are listed in Table 3.38.

Table 3.37 Crystal data and structure refinement for [Ru(@lgZphen)](Pk)2

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)
Absorption coefficient
F(000

Refinement method
Crystal size

Goodness-of-fit on &

Final R indicesIp2o(1)]

R indices (all data)

Extinction coefficient

6sH48ClaF24N16PsR U
2013.04
293(2) K
0.71073 A
Monoclinic
P2(1)/n
a=9.0239(7) A
b=18.8634(13) A
c=22.9819(16) A
3869.3(5) B
2

1.728 Mgfn

0.723 mrh
2000

a=90
[ = 98.4710(10)
y =90

Full-matrix least-squares én F

0.259 x 0.11 x 0.09 Bm

1.099

R1=0.0676 wR2 = 0.1261
R1=0.0986wR2 = 0.1372

0.00000(16)
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Table 3.38 Selected bontkngths (A) and angle§)(and estimated standard
deviations for [Ru(Clazp{ghen)](Pk).

Ru(1)-N(6) 1.993(4) Ru(1)-N(3) 2.00B(4
Ru(1)-N(2) 2.051(4) Ru(1)-N(4) 2.071(4)
Ru(1)-N(8) 2.092(4) Ru(1)-N(7) 2.100(4)
CI(2)-C(2) 1.710(6) Cl(2)-C(13) 1.716(5)
N(2)-N(3) 1.286(5) N(5)-N(6) 1.287(5)
Angles

N(1)-Ru(1)-N(3) 76.4(2) N(1)-Ru(1)N(4) 101.3(1)
N(1)-Ru(1)-N(6) 96.5(1) N(1)-Ru(1)N(7) 92.1(2)
N(1)-Ru(1)-N(8) 169.1(2) N(3)-Ru(1)-N(4) 176.9(2)
N(3)-Ru(1)-N(6) 101.8(2) N(3)-Ru(1)N(7) 86.4(2)
N(3)-Ru(1)-N(8) 97.0(2) N(4)-Ru(1)N(6) 76.3(2)
N(4)-Ru(1)-N(7) 95.7(2) N(4)-Ru(1)N(8) 85.6(1)
N(6)-Ru(1)-N(7) 169.2(1) N(6)-Ru(1)N(8) 93.3(2)
N(7)-Ru(1)-N(8) 78.8(2)

The ruthenium center is in the distorted octahesinaironment with

four nitrogens (N1, N3, N4, N6) of two Clazpy ligimand two nitrogens (N7, N8) of
one phen ligand. The pyridine ring and azo grou@lapy are at the cis position and
the two pyridine rings of phen are trans to pymdend the other trans to the azo
groups of the Clazpy ligands. Interestingly, theng-angle around the ruthenium
center in the plan range from 169.4(1) to 1763 (@yicating enhance distortion from
the rectilinear geometry compared to those in [Roya(bpy)** (171.5(169 to
175.6(16§ (Hansongnermt al., 2007). Two bite angles extended by two Clazpy a
one bpy are 76.4(2)76.3(2Y, 78.8(2Y, respectively. The average bond distance of
Ru-N(azo), 1.998(4)A is shorter than the averageNRayridine) of 2.061(4)A. This
is due to greaterl-backbonding from @(Ru) — n*(azo). In addition, it is noted that
the Ru-N(phen) distance (average, 2.096(4)A) is géon than those in
[Ru(azpyX(bpy)** (average, 2.088(4)A) (Hansongneitral., 2007). This is probably



129

due to the competition for the electron densityrfrine metal ion between the Clazpy
and phen ligands. Moreover, in the [Ru(Clazfphen)](Pk). complex the average
N=N distance of Clazpy is 1.286(5)A which is longlean that of [Ru(azpylbpy)**
(1.278(4)A). The coordination of Clazpy lead to ecbase in the N=N bond order
due to thes-donor andr-acceptor character die ligand. All results from molecular
structure of the [Ru(Clazpyphen)f* complex confirm that Clazpy is a better

acceptor than azpy and phen.

Figure 3.59 The structure of [Ru(Clazpfphen)](PFk). (H-atom omitted)

X-ray structure of [Ru(Clazpyjazpy)](Pk)2

Crystals suitable for X-ray analysis were growrshyw diffusion of
methanol into an acetone solution at room tempegaflhe crystal structure of the
title compound is shown in Figure 3.60. The crystabphic data are shown in Table

3.39. Selected bond parameters associated witéite ions are listed in Table 3.40.



Table 3.39 Crystal data and structure refinement for [Ru(Qagpzpy)](Pk)

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(0 0 0)
Goodness-of-fit ofF2

Final R indices [I>2sigma(l)]

R indices (all data)
Extinction coefficient

CaaH2sCloF12NgP:RU
1009.53
293(2) K
0.71073 A
Orthorhombic
Pbca
a=14.8987(13) A
b = 14.9395(13) A
c =35.023(3) A
7795.4(12) B
8
1.720 Mgfn

0.719 mrh
4016

1.067

a= 90
B= 9
y =90

R1 = 0.0325wR2 = 0.0801
R1 =0.0373wR2 = 0.0830

0.00000(4)
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Table 3.40 Selected bontkngths (A) and angle§)(and estimated standard
deviations for [Ru(Clazp{gzpy)](Pk)

Ru(1)-N(3)
Ru(1)-N(4)
Ru(1)-N(9)
N(2)-N(3)
N(8)-N(9)

Angles

N(1)-Ru(1)-N(3)
N(1)-Ru(1)-N(6)
N(1)-Ru(1)-N(9)
N(3)-Ru(1)-N(6)
N(3)-Ru(1)-N(9)
N(4)-Ru(1)-N(7)
N(6)-Ru(1)-N(7)
N(7)-Ru(1)-N(9)

2.038(2)
2.059(2)
2.070(2)
1.274(3)
1.280(3)

75.84(8)
100.43(7)
95.51(7)
80.77(8)
170.65(8)
96.95(7)
172.98(7)
76.31(8)

Ru(1)-N(7)
Ru(1)-N(1)
Ru(1)-N(6)
N(5)-N(6)

N(1)-Ru{t(4)
N(1)-Ru(@)7)
N(3)-Ru{l[4)
N(3)-Ru{t(7)
N(4)-Ru(6)
N(4)-Ru{1l(9)
N(6)-Ru(lif9)

2.054(2)
2.060(2)
2.074(2)
1.280(3)

171.44(8)
86.34(7)
95.79(8)
99.28(8)
76.09(7)
92.96(7)
104.63(7)

Ru(ll) is in a distorted octahedral environment ded to four

nitrogens (N1, N3, N4, N6) of the Clazpy ligandotwitrogen atoms of the azpy

ligand. The pyridine ring of Clazpy is at the trgwsition and its azo groups are cis.

As expected, the Ru-N(pyridine of azpy), 2.054(2)kes shortest value of bond

length. This phenomenon could be due to the alblfitgnhance azo group of Clazpy

which trans to this bond. The trans-angle aroumdrtithenium center in the range

from 170.6(8) to 173.0(7) indicating distortion from the rectilinear geomyetTwo

bite angles extended by two Clazpy and one azpy7&t84(8y, 76.09(7§ and

76.31(8Y, respectively. The average bond distance of Rwd(aof Clazpy),
2.056(2)A is slightly shorter than the average RpyXdine of Clazpy) bond length
of 2.060(2)A. This is due to greater-backbonding from @Ru) — n*(azo).



132

Moreover, in the [Ru(Clazpyazpy)](Pk). complex the average N=N distance of
Clazpy is 1.277(3)A which is comparable to thoseappy in the same molecule is
1.280(3)A and those of azpy in [Ru(azsigpy)** (1.278(4)A). This is probably due

to the competition for the electron density frome thetal ion between three azoimine
ligands. All results from molecular structure ok tfRu(Clazpy)(azpy)f* complex

confirm that Clazpy is a-acceptor ligand like azpy.

Figure 3.60 The structure of [Ru(Clazpfazpy)](Pk). (H-atom omitted)

3.4.2.3 Fast-atom bombardment (FAB) and Electrospray (ES)

mass spectrometry

The mass spectrum of [Ru(Clazg)](PFs). (L = bpy, phen, azpy,
Clazpy) complexes are shown in Figure 3.61 to 3Téwe results are given in Table
3.41.
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Table3.41 ES mass spectrometric data of [Ru(Clazfwy](PFs)2 (L = bpy, phen,
azpy, Clazpy)

m/z Stoichiometry Equivalent species  Rel. Abun. (%0)

[Ru(Clazpy)(bpy)](PFs)2

345.8 | [Ru(Clazpy)(bpy)”™ [M-2PFs 1" 100

837.2 | [Ru(ClazpyXbpy)]’ PFs [M-PFs1* 20
[Ru(Clazpy}(phen)](PF)2

856.3 | [Ru(Clazpy}(phen)[ PR [M-PFs1" 100

716.8 | [Ru(Clazpy}(phen)f* [M-2PFg]* 15
[Ru(Clazpy)(azpy)](PF)2

359.3 | [Ru(ClazpyX(azpy)f" [M-2PFs']* 100

719.1 | [Ru(ClazpyX}azpy)] PR [M-PFs1* 30
[Ru(Clazpy}](PFe)2

377.51 | [Ru(Clazpy}]** [M-2PFs']* 100

899.99 | [Ru(Clazpy}]” PR [M-PFsT" 40

M = molecular weight (MW) of each complexes
MW of [Ru(Clazpy}(bpy)](PFs)2 = 982.49 g/mol
MW of [Ru(Clazpy}(phen)](Pk), = 1006.52 g/mol
MW of [Ru(Clazpy}(azpy)](Pk)2 = 1009.52 g/mol
MW of [Ru(Clazpy}](PFs). = 1043.96 g/mol

From the data, the parent peak which gave 100%welabundance of
all complexes corresponding to the losing of hexatbphosphate salts from
[Ru(Clazpy}(L)](PFe). molecule, except [Ru(Clazpyphen)](Pk). which showed
the ion pair of [Ru(ClazpyjL)]*(PRs)". So, the proposed formulas of these complexes

were confirmed by this technique.
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Figure 3.64 ES mass spectrum of [Ru(Clazg{fFe).
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Infrared spectr oscopy
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The vibrational spectra of [Ru(Clazpl)(PFs). (L = bpy, phen, azpy,

Clazpy) complex in KBr disc were recorded in 40@@4mi'. They showed many

vibration frequencies such as C=C, C=N, N=N (aZbg IR data of these complexes

are given in Table 3.42 and these spectra are shofigure 3.65 to 3.68.

Table 3.42 IR data of [Ru(ClazpyjL)](PFs)2 (L = bpy, phen, azpy, Clazpy)

Wave number (cif)
Vibrational frequencies [Ru(Clazpy}(L)](PFe)2 (L = ligands)
bpy phen azpy Clazpy
C=N stretching and 1605(m) 1587(m) 1585(m) 1587(m)
C=C stretching 1548(m) 1549(m) 1549(m) 1546(s)
1450(s) | 1455(m) 1454(m) | 1452(m)
1429(m)
N=N(azo) stretching 1350(m 1350(m) 1383(m) 1368(m)
1358(m)
C-N stretching 1122(s) 1121(s) 1122(s 1123(s)
C-Cl 558(s) 558(s) 558(s) 578(s)
C-H out of plane bend in| 764 (s) 771(s) 771(m) 772(m)
monosub.benzene 740(m) 737(m) 741(m) 739(m)
691(m) 692(m) 692(m) 691(m)
PR stretching 842(s) 838(s) 840(s) 839(s

s = strong, m = medium

Infrared spectra of all complexes showed many vidma of different

intensities below 1600 cf The N=N stretching of [Ru(Clazpy).)](PFes), was
shifted to higher frequencies than that of the piactloro complex, [Ru(Clazpy@ly]

at 1336 crit. This may be due to the competition between twacidic azoimine
groups in [Ru(ClazpyjL)]** and one polypyridine or azoimine compared to stgrti
material (Santra, P. K., 2001). Thus, this peaknsha weaker azo coordination to
ruthenium(ll) in [Ru(Clazpy(L)](PFs)2 than parent complex. In addition, the most
significant feature of these complexes in IR spauntis the occurrence of a band at
838-842 crit due to the presence of ionic hexafluorophosphate.
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Figure 3.65 IR spectrum of [Ru(Clazpyopy)](PF)2
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Figure 3.66 IR spectrum of [Ru(Clazpyyphen)](Pk).
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3.4.25 UV-Visble absorption spectroscopy

The UV-Visible absorption spectra of [Ru(Clazgl)](PFs), are
recorded in six solvents; GBCH;, CH,Cl,, DMF, DMSO, CHCN and EtOH in
200-800 nm range. Electronic spectra of these cexegl in CHCN solution are
shown in Figure 3.69 to 3.72 and absorption spsctijpic data are listed in Table
3.43 10 3.44.

Table 3.43 UV-Visible absorption spectroscopic data of [Ru@pa,(L)](PFe)2
(L = bpy, phen)

Amax, NM €2 x 10* M em™)
Solvents
[Ru(Clazpy}(bpy)](PF)2 [Ru(Clazpy}(phen)](Pk):
o 234(2.4) 282(2.3) 232(3.7) 277(3.0)
o 314(2.2) 388(2.5) 521(1.1)386(2.7) 516(1.3)
v 285(3.1) 382(2.2) 273(3.8) 376(2.4)
493(1.3) 531(1.2) 525(1.5)
VSO 319(3.7) 381(3.1) 279(5.4) 377(2.9)
527(1.5) 524(1.6)
N 338(3.2) 381(3.6) 338(2.5) 378(2.8)
521(1.6) 520(1.3)
204(4.4) 282(2.7) 203(5.5) 223(4.9)
CH:CN
313(2.8) 380(2.7) 520(1.1)376(2.7) 516(1.3)
—on 207(3.2) 276(2.8) 223(4.2) 276(2.9)
383(2.0) 520(0.8) 377(2.2) 513(L.0)
207(5.1) 314(3.2) 208(3.8) 223(3.6)
MeOH
381(3.3) 518(L.3) 378(2.0) 514(0.9)

& Molar extinction coefficient
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Table 3.44 UV-Visible absorption spectroscopic data of [Ru@pa,(L)](PFe)2
(L = azpy, Clazpy)

Amax, NM €2 x 10* M em™)
Solvents
[Ru(Clazpy)(azpy)](PF). | [Ru(Clazpy}|(PFs)2
CH.C, 233(3.3) 388(4.9) 233(3.4) 392(5.0)
499(1.6) 494(1.6)
OME 278(3.5) 365(3.3) 278(4.2) 371(3.6)
521(2.3) 526(2.4)
DMSO 280(4.0) 331(3.3) 282(4.2) 326(3.5)
381(4.2) 504(1.5) 383(4.8) 498(1.7)
CH3OCH;s 381(2.9) 499(0.9) 383(3.9) 494(1.3)
CH.CN 204(5.3) 380(4.0) 203(4.9) 383(4.3)
495(1.3) 493(1.3)
E1OH 207(2.6) 382(2.1) 207(2.7) 276(2.3)
494(0.7) 385(2.3) 492(0.7)
MeOH 209(5.1) 382(4.0) 210(4.9) 383(4.3)
494(1.3) 493(1.3)

& Molar extinction coefficient

The absorption spectra in UV region (200-400 nmevassigned to
n—n* transition of ligandsd ~ 22000 - 50000 Mcm™). While, the absorption bands
in visible region (400-800 nm) were assigned to att-ligand charge-transfer
transition (MLCT) € ~ 7000 - 50000 Mcm™). The lowest energy absorption bands
of MLCT transition of [Ru(Clazpy|L)](PFe)2(L = bpy, phen, azpy, Clazpy) increase
in order:

Clazpy > azpy > phen > bpy

In addition, the lowest energy absorption band®RofClazpy}(L)](PFs). (L = bpy,

phen, azpy, Clazpy) were not shifted when the gglaf solvents was increased.
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Figure 3.69 UV-Visible absorption spectrum of [Ru(Clazpidpy)](PFs)2in CH3;CN
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Figure 3.72 UV-Visible absorption spectrum of [Ru(Clazpi§lPFs).in CH3;CN
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3.4.2.6 Nuclear magnetic resonance spectr oscopy

The NMR data of [Ru(Clazpx(L)](PFs)2 (L = bpy, phen, azpy,
Clazpy) was explained by using 1D and 2D NMR spsciopic techniquesl NMR,
'H-'H COSY NMR,*C NMR, DEPT NMR, andH-*C HMQC NMR). The NMR
spectra were recorded in acetafgeand tetramethylsilane (Si(GH) was used as an
internal reference. The NMR spectroscopic dataRef(Clazpy)(L)](PFs). (L = bpy,
phen, azpy, Clazpy) complexes are presented ireTaldb to 3.48.

Nuclear magnetic resonance spectroscopy of [Ruf@)abpy)](PF)2

>
N/(jcus |
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Table3.45 *H-*C NMR spectroscopic data of [Ru(Clazgipy)](PF)-

'"H NMR
H-position ST T Ao 13C NMR (CH-type)
3 (bpy) 8.98 (dd) 8.0, 1.0 1 126.61
3 (Clazpy) 8.76 (b) - 1 131.50
4 (Clazpy) 8.48 (bs) 8.0, 1.0 1 149.50
4 (bpy) 8.46 (dd) 8.0,2.5 1 141.68
6 (Clazpy) 8.42 (dd) 7.0, 1.0 1 156.50
6 (bpy) 8.41 (d) 5.5 1 154.35
5 (bpy) 7.78 (ddd)| 7.0,1.0,5.5 1 129.50
10 (Clazpy)
7.61 (b) - 3 134.00
9 (Clazpy)
8 (Clazpy) 7.48 (b) - 2 130.05
Quaternary carbons (C) 162.77(C2)
142.27(C5)
124.71(C7)

bs = broad of singlet, b = broad, d = doublet, dibablet of doublet,
ddd = doublet of doublet of doublet

The'H NMR spectrum (Figure 3.73) of [Ru(Clazpippy)](PF)-
complex showed 10 resonances of 24 protons, sir fitazpy ligand and four from
bpy ligand. The spectrum displayed only one seprofon of each ligands (Clazpy
and bpy). This result indicated that both Clazgphds were equivalent. A chemical
shift of proton H3 on the bpy ligand occurred a tbwest field (8.98 ppm) due to
trans effect of pyridine of bpy to N=N azo of Clgzpn addition, others protons in
this compound were also studied by using simpleetation *H-‘H COSY NMR
spectroscopy (Figure 3.74).
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The'*C NMR (Figure 3.75) results corresponded to the DERIR
(Figure 3.76) which showed only one kind of metheadons. The downfield signals
at 156.00 ppm belonged to C2 of bpy. The signalsat77, 142.27 and 124.71 ppm
were assigned to two quaternary carbons C2, C8andf Clazpy ligand. Moreover,
the other*C NMR signal assignments were basedtdAd’*C HMQC NMR spectrum
(Figure 3.77).

—I 2+
/@/ cl RUG;,H, NgClLPF 5
N = A4

4 H4 (Clazpy), H4 (bpy), H6 Clazpy), H6 (bpy) H10, 9 (Clazpy)

/ H8 (Clazpy)
H5 (bpy) |

Figure3.73 *H NMR spectrum of [Ru(Clazpyppy)](PF).in acetoneds
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Figure 3.74 *H-'H COSY NMR spectrum of [Ru(Clazpybpy)](PF).in acetoneds
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Figure3.75 *C NMR spectrum of [Ru(Clazpy(ppy)](PR)2in acetoneds
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Figure3.76 DEPT NMR spectrum of [Ru(Clazpybpy)](PF)2in acetoneds

Figure 3.77 *H-*C HMQC NMR spectrum of [Ru(Clazpyppy)](PF)-in
acetoulg-
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Nuclear magnetic resonance spectroscopy of [Ruf@)aphen)](Pk):

—|2+

| 2PFg

The'H NMR spectrum (Figure 3.78 -3.79) of
[Ru(Clazpy}(phen)](Pk). showed 20 resonances of 24 protons (twelve signaits
Clazpy ligand and eight signals from phen ligarithis result indicated that the
Clazpy ligands were not equivalent. Besides,'Hhé&IMR signals of phen showed no
equivalent. In addition, the first signal exhibitat the lowest field was proton 3A
(9.21 ppm) on pyridine ring of Clazpy ligand whittans to N=N azo function of
Clazpy. In addition, others protons in this compbuwmere also studied by using
simple correlatiorfH-*H COSY NMR spectroscopy (Figure 3.80).

The'*C NMR (Figure 3.81) results corresponded to the DERIR
(Figure 3.82) which showed only one kind of metharabons. All quaternary
carbons at 164.75, 163.22, 158.32, 154.06, 146.46,54, 146.45, 138.35, 132.67
belonged to C2, C5, C7 of Clazpy and C10, C11, CIIB of phen. Moreover, the
othres®*C NMR signals assignments were basedtéf*C HMQC NMR spectrum
(Figure 3.83).
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Table3.46 *H-*C NMR spectroscopic data of [Ru(Clazgphen)](Pk).

"H NMR
H-position ST T T AmountorH 13C NMR (CH-type)

3A 9.21 (d) 9.0 1 131.96
3B 9.18 (d) 9.0 1 131.81
7 9.04 (d) 8.0 1 141.12
6 8.88 (d) 45 1 155.23
4A 8.79 (dd) 2.0,9.0 1 143.14
4 8.70 (dd) 8.5,1.0 1 139.93
8.64 (dd) 5.0,1.0 1 153.38
6A 8.68 (dd) 2.0 1 140.62
4B 8.56 (dd) 9.0,25 1 142.18
6B 8.33 (d) 1.5 1 150.56
9 8.19 (d) 9.0 1 128.93
5 8.16 (d) 1.0 1 153.39
8 8.14 (dd) 8.5, 5.0 1 128.36
3 8.01 (dd) 8.5, 5.0 1 128.16
10A 7.72 (Y) 7.5 1 134.27
9A 7.65 (tt) 75,15 2 131.10
8A 7.47 (d) 7.5 2 124.19
10B 7.07 (tt) 75,15 1 132.57
9B 6.82 (tt) 75,15 2 129.50
8B 6.38 (dd) 75,15 2 121.99

164.78, 163.22, 158.32

Quaternary carbons (C) 154.02, 146.82, 146.58

146.52, 138.48, 132.77

d = doublet, dd = doublet of doublet, t = tripktts triplet of triplet
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Figure 3.78 *H NMR spectrum of [Ru(Clazpy(phen)](Pk)2in acetoneds
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Figure3.79 H NMR spectrum of [Ru(Clazpyphen)](Pk)2in acetoneds
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Figure 3.82 DEPT NMR spectrum of [Ru(Clazpyphen)](Pk).in acetoneds
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Figure 3.83 H-*C NMR spectrum of [Ru(Clazpyphen)](PF).in acetoneds
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Nuclear magnetic resonance spectroscopy of [Ruf@)aazpy)](Pk)2

2+
I X -Cl _l
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= 6/ \4

N A 2PFg
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&
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The'H NMR spectrum (Figure 3.84) of [Ru(Clazp@zpy)](Pk)-
complex showed 14 resonances of 25 protons becsose resonances were
overlapped. This result indicated that three o&rnids are unsymmetrical molecules.
In addition, the first signal exhibited at the I@vdield was proton H3 (azpy) (9.27
ppm) on pyridine ring of azpy ligand which transNeN azo function of Clazpy. In
addition, others protons in this compound were asadied by using simple
correlation'H-*H COSY NMR spectroscopy (Figure 3.85).

The®*C NMR (Figure 3.86) results corresponded to the DEP
NMR (Figure 3.87) which showed only one kind of hate carbons. All quaternary
carbons at 163.93, 155.98, 133.91, 123.5, 1354nged to C2, C7 of azpy ligand
and C2, C5, C7 of Clazpy ligand. Moreover, theeas*C NMR signals assignments
were based ofH-*C HMQC NMR spectrum (Figure 3.88).
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Table 3.47 *H-*C NMR spectroscopic data of [Ru(Clazggzpy)](PK)2

"H NMR
H-position 13C NMR (CH-type)
d (ppm) J (Hz) Amount of H
3 (azpy) 9.27 (d) 8.0 1 133.48
6 (azpy) 8.80 (d) 5.0 1 154.13
4 (azpy) 8.72 (t) 8.0 143.45
3B 143.45
8.70 (m) 4
6A - 143.45
3A 8.669 (s) 143.45
4B 8.60 (dd) 8.5, 2.0 1 143.45
4A 8.51 (dd) 85,20 1 142.91
6B 8.44 (dd) 2.0 1 151.09
5 (azpy) 7.98 (1) - 1 132.31
10 (azpy) 7.69 (t) 8.0 1 135.02
9A 124.36
9 (azpy) 7.58 (t) 8.0 5 131.05
10A 124.36
8A 130.47
7.49 (d) 8.5 3
10B 124.36
9B 130.70
7.43 (1) 8.0 4
8 (azpy) 130.70
8B 7.08 (b) - 2 124.40
163.93, 155.98, 133.91
Quaternary carbons (C)
123.5, 135.5

S =singlet, d = doublet, dd = doublet of douliet triplet, m = multiplet
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Figure 3.84 'H NMR spectrum of [Ru(Clazpyazpy)](Pk).in acetoneds

F2 3
(ppm}

5.0 oo

| H4 (azpy), H3, H6,, H3, H4; HE
(py) % A A ?'4‘43

B T B e T T T T T
8.2 8.0 7.8 7.6 7.4 7.2

H9,, H9 (azpy), H1Q, H8,, H10,, HY,
—

00

F1 (ppm)

Figure3.85 'H-'H COSY NMR spectrum of [Ru(Clazpyazpy)](PF)2in acetoneds
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Table 3.48 *H-'*C NMR spectroscopic data of [Ru(Clazgl{PFs)-

"H NMR C NMR
H-position

3 (ppm) J (Hz) Amount of H (CH-type)

3C 9.29 (d) 9.0 1 133.57
6C 8.96 (d) 2.0 1 153.16
4C 8.76 (dd) 9.0,2.0 1 143.16
3A, 3B 8.74 (d) 8.5 2 131.04
6A 8.62 (dd) 2.0 1 143.16
4A 8.60 (dd) 9.0,2.0 1 151.84
6B 8.58 (dd) 2.0 1 142.88
4B 8.51 (dd) 9.0,2.0 1 141.50
10A, 10C 7.68 (1) 7.5 2 135.20
9A, 9C 7.57 () 7.5 4 130.63
8A, 10B 7.53 (m) - 3 135.20
8C 7.48 (d) 8.0 2 124.50
9B 7.40 (t) 8.0 2 130.00
8B 7.10 (d) 8.0 2 124.00

Quaternary carbons (C) 162:59, 139,54,
135.34

d = doublet, dd = doublet of doublet, t = triplet,= multiplet

The'H NMR spectrum (Figure 3.89) of [Ru(ClazgiflPFs)> complex
showed 12 resonances of 24 protons. Some appeateel multiple signals due to
overlap of resonances. In addition, the protonsHHBand H6 on pyridine ring appear
at lower downfield than protons H8, H9 and H10 eyl ring. This may be due to
the pyridine protons having less electron densiynithe phenyl protons.

From the correlatiohH-'H COSY NMR spectroscopy (Figure 3.90),
the three set of Clazpy pyridine signals have bdistinguished. Since two of the
three Clazpy pyridine rings (A and B) are tranga&ch other, the protons are slightly
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different and this result similar to the situatioihthe [Ru(azpy)(PFs). complex. In
contrast to the protons in the Clazpy pyridine ri@g, the chemical shift appeared at
the lowest field due to trans to N=N azo functiofhese data confirmed the
configuration of N(py) and N(azo) orientation frothe starting materialctc-
[Ru(Clazpy}Cly].

The™C NMR (Figure 3.91) and DEPT (Figure 3.92) signals
assignments were based on he'*C HMQC spectrum (Figure 3.93) which was
generally used for studying large and complicatedesule. The*C NMR spectrum
showed 14 signals from 24 methine carbons and thigmals of six quaternary
carbons. The signals at 162.59, 139.54 and 135@% was assigned to the
quaternary carbons C2, C5 and C7, respectivelyceSiD2 was located between
nitrogen atoms, the chemical shift occurred atdhesst field.

RUG;3H,NgCl3PFy,

Figure3.89 *H NMR spectrum of [Ru(Clazpy)(PFs).in acetoneds
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Figure3.90 H-'H COSY NMR spectrum of [Ru(Clazp§jPFs).in acetoneds
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Figure 3.91 *C NMR spectrum of [Ru(Clazpy{PFs).in acetoneds
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3.4.2.7 Cyclicvoltammetry

Cyclic voltammetry is a convenient method to dstuthe
electrochemical properties of [Ru(Clazgy)](PFe)> (L = bpy, phen, azpy, Clazpy)
The electron transfer properties are shown in EgBu94 to 3.97 and the cyclic

voltammetric data of these compounds are summaniz€dble 3.49.

Table 3.49 Cyclic voltammetric data of [Ru(Clazpyl)](PFs). (L = bpy, phen,
azpy, Clazpy) in 0.1 M TBAH CECN at scan rate 50 mV/s (ferrocene

as used an internal standard)

®E1p, V
Compounds Oxidation Reduction
Ru(Iny/(lim) [ I 1T W, Vv Vi

[Ru(Clazpy}(bpy)](PF)2 +1.58 |[-0.46]-094]-1.72| -2.02 | -245 | -
(175) | (95) | (95) | (90) | (110) | (250)

[Ru(Clazpy)}(phen)](Pk) +1.62 |-0.49|-0.93|-1.70| -2.01 | -2.46 -
(145) | (120)| (90) | (100)| (75) | (289)

[Ru(Clazpy}(azpy)](PFk)2 n -0.33| -0.66| -1.10| -1.78 | -2.19 -
(95) | (85) | (100)| (100) | (125) | 2.56
[Ru(Clazpy}](PFs)2 n -0.32| -0.60| -1.05| -1.70 | -2.03 -
(95) | (95) | (100)| (85) 2.52

%E112= (BEpa+ Epg)/2, Where E, and ¢ are anodic and cathodic peak potentials,
respectivelyAE, = Eja— By
Pcathodic peak potential, V

“anodic peak potential, V

The electrochemical behavior of the [Ru(Clazfly)|(PFs). (L = bpy,
phen, azpy, Clazpy) complexes in §LHN have been rationalized in terms of a metal-
based oxidation and a series of reductions whieHigand-based occurring in a ste

stepwise manner for eaati system.
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Oxidation potential

The cyclic voltammogram of [Ru(Clazp{i))](PFs). (L = bpy, phen,
azpy, Clazpy) complexes displayed metal oxidatemge. The oxidation process of
these complexes was studied in the range 0.00 ta00+2V. In
[Ru(Clazpy}(bpy)](PFK)2 and [Ru(Clazpyphen)](Pk). complexes, the couple of
Ru(Ih/(1ll) occurred at +1.58 and +1.68 V, whichome positive potential that the
parent compounditc-[Ru(Clazpy}Cly]. This phenomenon may be described in term
of chelating effect which can stabilize the drbital of metal center and make
azoimine moiety to accept electron. In the othendhahe Ru(ll)/(lll) couple of
[Ru(Clazpy}(azpy)](Pk). and [Ru(Clazpy)(PFs). were not observed because the
redox of Ru(l)/(1ll) was too positive to be obsedswithin solvent window. The
cyclic voltammetric data results were correspondedthe electronic absorption
spectral data shown in Table 3.50.

From data, it was noting that replacing two chleraedoms in the
parent compoundctc-[Ru(Clazpy}Cl;] by other bidentate ligand resulted in the
increasing redox potential of Ru(l)/(Ill) in [Rul@&pyk(L)](PFs). especially, where
the third ligand as azpy and Clazpy exhibited higiwential than those ligand as bpy

and phen.

Table3.50 Comparison of electronic and redox propertiedef t
[Ru(ClazpyL)](PFe)2 andctc-[Ru(Clazpy)Cly]

Complexes Ru(I)/(), &, *MLCT bandskmax
V) (nm)
ctc-[Ru(Clazpy)Cly] +0.82 584
[Ru(Clazpy}(bpy)](PF)2 +1.58 520
[Ru(Clazpy}(phen)](Pk) +1.68 520
[Ru(Clazpy)(azpy)](PF)2 n 495
[Ru(Clazpy}](PFe)2 n 493

4n acetronitrile, n = not observed
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From data revealed that the more positive poterfaRu(Il)/(111)

couple showed the greater blue shift of MLCT bandsomparison.
Reduction potential

The electron accepting capability of [Ru(Clazly)](PFe)2 (L = bpy,
phen, azpy, Clazpy) were considered in the ran@@ . - 2.60 V. The more positive
potential was the greater electron accepting gbilifThe negative value of
[Ru(Clazpy}(L)](PFe). are listed in Table 3.49. In this experiment, fomiples have
been detected in [Ru(Clazpfhpy)](PFs). and [Ru(Clazpy(phen)](PFk). whereas,
six couples have been observed in [Ru(Clafpypy)](PFk). and [Ru(Clazpy)(PFs)2
within the specified potential range.

From the previous work, Krause and Krause (198@nted that
polypyridyl ligands such as bpy and phen were clgpab accepting electron, but
azopyridine ligands were betteracceptors and underwent easier reduction tham thos
of the pyridine ligands. In addition, azopyridinggand is known to accept
successively two electron in its lowest unoccupmeolecular orbital (Goswamet
al.,1983). Therefore, six successive one electron edoctions were expected in the
[Ru(Clazpy}(L)]** (L = bpy, phen, azpy, Clazpy) complexes. Howewverthis work
five couple has been detected in bpy and phen emagland the expected reduction
processes of [Ru(Clazpybpy)](PFs). are displayed in equation 3.6 to 3.10.

[Ru"(Clazpy)(Clazpy)(bpyfl  + & — [Ru"(Clazpy")(Clazpy)(bpy)] (3.6)
[Ru"(Clazpy")(Clazpy)(bpy)]  + & — [Ru"(Clazpy*)(Clazpy")(bpy)I’ (3.7)
[Ru"(Clazpy")(Clazpy")(bpy)’ + € — [Ru'(Clazpy?)(Clazpy)(bpy)]*  (3.8)
[Ru"(Clazpy?)(Clazpy")(bpy)]* + € — [Ru'"(Clazpy?)(Clazpy’)(bpy)]*  (3.9)
[Ru"(Clazpy?)(Clazpy?)(bpy)]?> + €— [Ru'(Clazpy’)(Clazpy’)(bpy)]® (3.10)

The [Ru(Clazpyphen)](Pk). complex also had similar reduction
behavior and reduction potential values to the (Rakpy)(bpy)](PF). complex

(Table 3.49). Moreover, the expected five redudiovere similar to those of the
[Ru(Clazpy)(bpy)](PFs). complex.



165

In the case of the [Ru(Clazpfgzpy)](PFk)2 and [Ru(Clazpy)(PFs)2
complexes, five reversible couple and one cathpdek (at scan rate 50 mV/s) was
observed. Since the Clazpy ligand could acceptreledetter than azpy in the parent
complex, [Ru(L)Cl;] (L = azpy, Clazpy; Table 3.23). The reduction gasses of
[Ru(Clazpy}(azpy)] (Pk): displayed as in followed equations 3.11 to 3.16.

[Ru'(Clazpy)(Clazpy)(azpyj] ~ +é&— [Ru'(Clazpy')(Clazpy)(azpy)] ~ (3.11)
[Ru'(Clazpy)(Clazpy)(azpy)] ~ +é— [RU'(Clazpy')(Clazpy')(azpy)l  (3.12)
[Ru'(Clazpy")(Clazpy')(azpy)f  + € — [Ru'(Clazpy?)(Clazpy')(azpy)I"  (3.13)
[Ru'(Clazpy®)(Clazpy')(azpy)]" + € — [Ru"(Clazpy?)(Clazpy’)(azpy)l* (3.14)
[Ru"(Clazpy?)(Clazpy*)(azpy)]” + € — [Ru'"(Clazpy”)(Clazpy)(azpy")]® (3.15)
[Ru"(Clazpy?)(Clazpy*)(azpy")] ® + € — [Ru'(Clazpy®)(Clazpy”)(azpy”)]* (3.16)

The [Ru(Clazpy(PFs). complex also had similar reduction behavior
and reduction potential values to the [Ru(Clazfpy)](PF). complex (Table 3.49).
Moreover, the expected six reductions were similexr those of the

[Ru(Clazpy}(azpy)] (Pk)2complex.

\

Ru(I/(11)

Current @A)
1
L

-1 | | | u |
2.5 1.5 0.5 -0.5 -1.5 -2.5 -3.5

Potential (V)

Figure 3.94 Cyclic voltammogram of [Ru(Clazpypbpy)](PF)2in 0.1 M TBAH
CECN at scan rate 50 mV (ferrocene as an internatstal)
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Figure 3.95 Cyclic voltammogram of [Ru(Clazpyphen)](Pk).in 0.1 M TBAH

CECN at scan rate 50 mV/s (ferrocene as an intetaatlard)
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Figure 3.96 Cyclic voltammogram of [Ru(Clazpyazpy)](Pk)2in 0.1 M TBAH

CECN at scan rate 50 mV/s (ferrocene as an intetaatard)
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Figure 3.97 Cyclic voltammogram of [Ru(Clazpy]jPFs)2in 0.1 M TBAH CHCN
at scan rate 50 mV/s (ferrecas an internal standard)
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3.5 Synthesesand characterization of [Ru(Clazpy),(L)](NO3)..xH-0 (L = bpy,
phen, azpy, Clazpy)

3.5.1 Synthesesof [Ru(Clazpy)2(L)](NO3)..xH0 (L = bpy, phen, azpy,
Clazpy)

The synthesis of [Ru(Clazp{h)](NO3)..xH,O complexes (where L =
bpy, phen, azpy, Clazpy) was achieved by the stpaddition of equimolar amounts
of excess L and AgN£n refluxing methanol which have the solution oéqursor
complex, ctc-[Ru(Clazpy}Cl,;] as outline in Figure 3.98. The expected of these
complexes were recrystallized by the mixing of athlaand ether where L are azpy
and Clazpy whereas using the mixture of ethanol tsdne where L are bpy and

phen.
2+
N o
I/\/ N I, | “‘\\C| AgNOSI MeOH I/\,/ N n,,, ,\\\N .2NO%
( RUZ, ’ RUL, 3
s > RN
\I\\\l | reflux/Excess L \“l |
N N
Newy \ (bpy, phen, azpy, Clazpy) N \
=~ Cl ~ Cl
| cte[Ru(Clazpy)cl,] | [Ru(Clazpy)(L)(NO.),xH,0 |
VRN _
N N = bpy, phen, azpy, Clazp

Figure 3.98 Synthetic route of the preparation of [Ru(Claz@y)J(NO3)..xH,O (L =
bpy, phen, azpy, Clazpy)



The physical properties of this complex are sumpearin Table 3.51.
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Table 3.51 The physical properties of [Ru(Clazpf)](NO3), complexes

(where L = bpy, phen, azpy,Zpig

Physical properties
Complexes Color Melting
Appearance
solid solution | point C)
[Ru(Clazpy}(bpy)](NOs),.5H,0 solid dark red more than
brown brown 360
[Ru(Clazpy}(phen)](NQ),.3H,O solid dark red more than
brown brown 360
[Ru(Clazpy}(azpy)](NGs)2.HO solid dark light 186-187
brown brown
[Ru(Clazpy}](NO3)2.5H,0 solid dark light 185-186
brown brown

The solubility of 0.0012 g of [Ru(Clazpy).)](NO3). (L = bpy, phen,
azpy, Clazpy) was tested in 10 mL of various sdiwvemg. hexane, CHCl,,
CH3;0OCH;, DMF, CH,CN, MeOH and water. The results showed that founpexes
were slightly soluble in CEOCH;, CH,Cl,. They were very soluble in DMF, DMSO,
CH3CN, MeOH and HO but insoluble in hexane.

3.5.2 Characteization of [Ru(Clazpy)2(L)](NO3)..xH,0 (L = bpy, phen,

azpy, Clazpy)

The chemistry of [Ru(Clazpy(L)](NO3)..xH.0 (L = bpy, phen, azpy,

Clazpy) complexes have been fully characterized elgmental analysis, Mass

spectrometry, Infrared spectroscopy, UV-Visible apsion spectroscopy, Nuclear
Magnetic Resonance spectroscopy (1D and 2D NMRe&ulrochemical method.
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3.5.2.1 Elemental analysis

Elemental analysis was used to confirmed compasdfcC, H, N in
complexes. From data, the analytical values coomdgd to the calculated values.
Therefore, the composition of [Ru(Clazgy)](NO3)..xH,O was confirmed by this

method. The results are given in Table 3.52.

Table 3.52 Elemental analysis data of the [Ru(Clazfly)](NO3)..xH,O complexes
(L Spy, phen, azpy, Clazpy)

% C % H % N
Calc. | Found| Calc.| Found| Calc. | Found
[Ru(Clazpy)(bpy)](NOs)..5H,0 | 42.39| 42.69) 3.78 3.81 1545 15.00
[Ru(Clazpy}(phen)](NQ)..3H,O | 45.65| 45.42) 3.3§ 3.83 15.66 15.36
[Ru(Clazpy)(azpy)[(NQy)..H,O | 46.00| 45.87] 3.16 3.01 17.88 17.64
[Ru(Clazpy}](NO3)2.5H,0 40.94| 40.99] 354 346 1591 15.57

Complexes

3.5.2.2 X-ray Crystallography

The X-ray crystallography is the most importantit@que to confirm

the geometry of compounds. The single crystal af((Razpy}(phen)](NQ),.3.5H0
was determined and it showed six coordination addbe ruthenium atom.

X-ray structure of [Ru(Clazpy(phen)](NQ)..3.5H0

Crystals suitable for X-ray analysis were growrshow diffusion of
ether into a mixture of methanol and acetone smiutit room temperature. The
crystal structure of the title compound is showrfigure 3.99. The crystallographic
data are shown in Table 3.53. Selected bond paeasn@$sociated with the metal ions

are listed in Table 3.54.
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Table3.53 Crystal data and structure refinement for
[Ru(Clazpyphen)](NQ)..3.5H0

Empirical formula
Chemical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

yA

Density

Absorption coefficient
F(000)

Goodness-of-fit o

Final R indices [I>2sigma(l)]

R indices (all data)

3¢H31CLN; Oy 50RU
Ci4H24CILNgRu, 2(NO3), 3.5(H,0)
903.66
100(2)
0.71073 A
monoclinic
P121/n1
al3.6561(8) a=90°
b =16.8955(4) f=91.691(4)°
c96.3230(7) y=.90°
3764.5(3) A3
4
1.594 Mg/m®
0.628 mm*
1836
0.961
R1 =0.0670, wR2 = 0.1277
R1=10.2079, wR2 = 0.1858
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Table3.54 Selected bontengths (A) and angle§)(and estimated standard
deviations for [Ru(Clazpfghen)](NQ)..3.5H0

Rul-N22 2.004(4) Rul-N12 2.020(4)
Rul-N211 2.043(4) Rul-N111 2.052(4)
Rul-N311 2.065(4) Rul-N321 2.074(4)
N11-N12 1.279(6) N21-N22 1.284(5)
Angles

N22-Rul-N12 84.20(16) N22-Rul-N211 76.30(16)
N12-Rul-N211 100.36(16) N22-Rul-N111 97.84(16)
N12-Rul-N111 75.92(17) N211-Rul-N111 173.47(16)
N22-Rul-N311 99.09(16) N12-Rul-N311 173.54(15)
N211-Rul-N311 85.86(15) NI11-Rul-N311 98.05(16)
N22-Rul-N321 174.36(15) N12-Rul-N321 98.05(17)
N211-Rul-N321 98.17(15) NI111-Rul-N321 87.73(15)

N311-Rul-N321 79.20(16)

The ruthenium center is in the distorted octaheeinaironment with
four nitrogens (N111, N211, N12, N22) of two Clazipyands and two nitrogens
(N311, 321) of one phen ligand. The pyridine rifigCtazpy are at the trans position
and the two pyridine rings of phen are trans toahe groups of the Clazpy ligands.
The trans-angle around the ruthenium center inrénge from 173.4(16) to 174.4
(15)°, indicating distortion from the rectilinear geomyefTwo bite angles extended by
two Clazpy and one bpy are 75.92(17)6.30(16), 79.20(169, respectively. The
average bond distance of Ru-N(azo), 2.012(14)Aherter than the average Ru-
N(pyridine of Clazpy) bond length of 2.048(4)A. $his due to greater-backbonding
from dr(Ru) — n*(azo). In addition, it is noted that the Ru-N(bm¥tance (average,
2.069(4)A) is shorter than those in [Ru(azfypy)]’* (average, 2.088(4)A)
(Hansongnerret al., 2007). This was probably due to the effect dbietle atom at
the fifth position increasing electron density gyrigine ring and this enhancest

donor property of the N(pyridine of Clazpy). Moreoyin this complex the average



173

N=N distance of Clazpy is 1.281(6)A which is slighonger than that of
[Ru(azpyX(bpy)** (1.278(4)A). The coordination of Clazpy led to ecrkase in the
N=N bond order due to the-donor andrt-acceptor character tiie ligand. All results
from molecular structure of the [Ru(CIazﬂphen)f*complex confirm that Clazpy is

a bettert-acceptor than azpy and phen.

Figure 3.99 Crystal structure of [Ru(Clazpyphen)](NQ),.3.5H0

3.5.2.3 Electrospray mass (ES) spectrometry

The ES-MS spectrometric data of [Ru(Clazfly)](NO3)..xH,0 (L =
bpy, phen, azpy, Clazpy) are shown in Figure 3tb08.103. The results are given in
Table 3.55.
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Table3.55 ES mass spectrometric data of [Ru(Clazfhy)(NO3)..xH.O (L = bpy,
phen, azpy, Clazpy)

m/z Stoichiometry Rel. Abun. (%)
[Ru(Clazpy}(bpy)](NOs)2.5H0
692.0530 [M-2NO3-5H,0-H'* 25
346.02 [M-2NO3-5H,0]* 100
[Ru(Clazpy}(phen)(NQ)2.3H0
716.05 [M-2NO3-3H,0+H]" 35
358.02 [M-2NO3-3H,0]* 100
[Ru(Clazpy}(azpy)](NGs)2.H.0
719.0651 [M-2NOz-H,O+H* 70
359.53 [M-2NO3-H,0]** 100
[Ru(Clazpy}](NOz)2.5H,0
753.0275 [M-2NO3-5H,0+H]" 100
377.51 [M-2NO3-5H,0]* 80

M = molecular weight (MW) of each complexes

MW of [Ru(Clazpy}(bpy)](NOs)2.5H,0O = 906.66 g/mol
MW of [Ru(Clazpy}(phen)](NQ)..3H,0O = 894.65 g/mol
MW of [Ru(Clazpy}(azpy)](NG)2.H.O = 879.64 g/mol
MW of [Ru(Clazpy}](NO3),.5H,0 = 968.12 g/mol

From the data, the parent peak which gave 100%welabundance of
all complexes corresponded to the loss of nitraid aqua molecules from each of
[Ru(Clazpy}(L)](NO3)2.xH,0O. The measured molecular weights were consistght w

expected values.
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Figure 3.100 ES mass spectrum of [Ru(Clazgippy)](NOs)2.5H,0
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Figure 3.101 ES mass spectrum of [Ru(Clazgphen)](NQ)..3H,O
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Figure 3.102 ES mass spectrum of [Ru(Clazggkzpy)](NGs)2.H.O
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Figure 3.103 ES mass spectrum of [Ru(Clazg{ilO3)..5H,O
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3.5.2.4 Infrared spectroscopy

Vibrational spectra in the region 4000-400toould be used to give
information about ligands coordination to the rutinen center. Infrared spectroscopic
spectra of [Ru(ClazpyL)](NO3)..xH.O (L = bpy, phen, azpy, Clazpy) displayed
important peaks in 1600-400 €mrange with KBr disc. The infrared spectroscopic
data are given in Table 3.56 and their spectralaog/n in Figure 3.104 to 3.107.

Table 3.56 IR data of [Ru(ClazpyjL)](NO3)..xH,O (L = bpy, phen, azpy, Clazpy)

Wave number (cim)
Vibrational frequencies [Ru(Clazpy}(L)](NO3),.xH,O (L = ligands)
bpy phen azpy Clazpy
C=N stretching and 1605(m) 1632(m) 1574(m) 1583(m)
C=C stretching 1548(m) 1594(m) 1454(m) 1549(m)
1448(m) | 1566(m) 1454(m)
1548(m)
N=N(azo) stretching 1351(m 1350(m)  1353(s) 1361(s)
C-N stretching 1119(m) 1119(m) 1120(m 1346(5)
C-Cl 575(s) 573(m) 550(m) 559(s)
C-H out of plane bend in| 765 (s) 771(m) 770(m) 771(m)
monosub. benzene 736(m) 735(m) 740(m) 738(m)
696(m) 696(m) 692(m) 692(m)
NOjs stretching 1384(s) 1385(s) 1384(s) 1384(s)

s = strong, m = medium

Infrared spectra of all complexes showed many vidma of different

intensities below 1600 cf The N=N stretching of complexes where L are ipghen

and azpy exhibited around 1350-1353twhich shifted to lower wave numbers than

that of the free Clazpy ligand (1364 ¢nThis is a criterion of the coordination of

both azoimine nitrogen atoms of the Clazpy ligaral the metal ion.

In

[Ru(Clazpy}]**, the vibrational frequency appeared at the sansitipo of the free

Clazpy ligand. This result may be due to the cortipatof three azoimine Clazpy

ligand in molecule. In addition, a strong vibratiaround 1384 cihis observed due

to the presence of ionic nitrate saksi{wsny, 2547).
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Figure 3.104 IR spectrum of [Ru(Clazpybpy)](NOs),.5H,0O
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Figure 3.105 IR spectrum of [Ru(Clazpyphen)](NQ)..3H,O
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Figure 3.107 IR spectrum of [Ru(Clazpy)(NO3)..5H,0
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3.5.25 UV-Vishble absorption spectroscopy

The solution electronic spectra of [Ru(Clazfly)](NO3)..xH.O (L =
bpy, phen, azpy, Clazpy) were measured using &tyaof solvents; CkCl,, DMF,
DMSO, CHOCH;, CHCN, EtOH, MeOH, and kO in 200-800 nm range. The band
positions of these complexes are shown in Figul®&.to 3.111 and absorption

spectroscopic data are listed in Table 3.57 an8l. 3.5

Table 3.57 UV-Visible absorption spectroscopic data of
[Ru(ClazpyL)I(NO3)2.xH20 (L = bpy, phen)

Amax, NM €2 x 10* M em™)
Solvents
[Ru(Clazpy}(bpy)](NGs)2.5H0 | [Ru(Clazpy)(phen)](NQ)..3H0
e, | 23225 28324) 232(5.1) 278(3.6)
°7% 1318(2.3) 388(2.4) 523(1.0) | 383(3.4) 520(1.4)
e | 28422) 315@22) 276(5.0) 376(2.7)
382(1.9) 525(0.9) 520(1.4)
uso | 279G6) 3163.0) 278(6.0) 377(2.8)
381(2.5) 527(1.2) 523(1.5)
croch, | %69 381D 337(1.9) 378(2.1)
521(0.9) 519(1.0)
CH.CN | 279(3.4) 380(2.6) 520(L.1)| 274(45) @) 517(L3)
copy | 20864) 27736) 207(7.9) 274(6.8)
383(2.4) 520(1.1) 380(3.1) 517(L.5)
ooy | 20860) 285(29) 208(6.7) 258(3.6)
© 315(2.7) 382(3.1) 518(1.3)|275(3.4) 378(3.0) 516(1.2)
284(2.5) 313(2.5) 383(2.6) | 258(3.3) 275(3.6)
Water
518(1.1) 378(2.9) 514(1.4)

& Molar extinction coefficient



181

Table 3.58 UV-Visible absorption spectroscopic data of
[Ru(Clazpy)L)](NO3)2.xH,O (L = azpy, Clazpy)

Amax, NM €2 x 10* M em™)
Solvents
[Ru(Clazpy}(azpy)](NGy)2.H20 | [Ru(Clazpy3](NOs)2.5H,0
232(4.4) 287(3.2) 232(4.4) 390(5.6)
CH,ClI,
387(5.6) 491(1.7) 502(1.7)
e | 2B0@7) 378(40) 506(18) 279(37) 3|
506(1.7)
vso | 28228) 381(34) 50213] 280(39) 363
498(1.5)
CH:OCHs | 380(3.1) 501(L.1) 382(2.9) 499(1.0)
chon | 279B8) 379G 381(3.4) 495(1.2)
499(1.5)
o | 20884 275635) 207(6.5) 275(4.3)
383(4.9) 497(1.7) 385(3.9) 494(1.4)
veon | 29883) 279G38) 208(7.5) 280(3.3)
© 381(5.2) 492(1.7) 327(3.3) 383(5.1) 492(1.6)
Water | 275(3.0) 328(2.9) 325(3.3) 385(5.7) 493(L9)
383(4.5) 496(1.5)

& Molar extinction coefficient

The absorption spectra in UV region (200-400 nmjevassigned to
n—n* transition of ligandsg ~ 22000 - 84000 Mcm®). While, the absorption bands
in visible region (400-800 nm) were assigned to attt-ligand charge transfer
transition (MLCT) € ~ 9000 - 19000 NMcmi?). From previous discuss of the parent
complex, ctc-[Ru(Clazpy)Cly], transition band in the visible region at 584 mm
CHsCN was shifted to shorter wavelength in [Ru(Clazfy]** (L = bpy, phen, azpy,

Clazpy) because each L ligand increased stabiliti-arbital of Ru(ll). However, the
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lowest energy absorption band of [Ru(Clazfly)J(NO3)..xH.O (L = bpy, phen,

azpy, Clazpy) were not shifted when the polaritgaivents was increased.
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Figure 3.108 UV-Visible absorption spectrum of [Ru(Clazpipy)](NOs)2.5H,0 in
CECN
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Figure 3.109 UV-Visible absorption spectrum of [Ru(Clazgiphen)](NQ)..3H,0

in C¥CN
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Figure 3.110 UV-Visible absorption spectrum of [Ru(Clazpigzpy)](NG;)2.H20 in
CiCN
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Figure3.111 UV-Visible absorption spectrum of [Ru(ClazgiyNO3),.5H,0 in
CiEN

3.5.2.6 Nuclear magnetic resonance spectr oscopy

Nuclear Magnetic Resonance (NMR) spectroscopyteslanique to
determine the stereochemistry of compound. Thectstres of complexes were
studied by using 1D and 2D NMR spectroscopic tegimes i.e.'H NMR, *H-'H
COSY NMR,**C NMR, DEPT NMR andH-*C HMQC NMR. Their NMR spectra
were recorded in methand)- and tetramethylsilane (Si(G}d) was used as an
internal reference. The NMR spectroscopic dataRof(Clazpy)(L)](NO3)..xHO (L
= bpy, phen, azpy, Clazpy) complexes are present€dble 3.59 to 3.62.
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Nuclear magnetic resonance spectroscopy of [Ruf@)abpy)](NOs),.5H,0

I\ja s

| 2NO3

Table3.59 'H-"*C NMR spectroscopic data of [Ru(Clazgipy)](NOs),.5H,0

"H NMR 3C NMR
H-position

3 (ppm) J(Hz) Amount of H (CH-type)
3 (bpy) 8.89 (dd) 8.0,1.0 1 126.89
3 (Clazpy) 8.69 (d) 9.0 1 131.62
4 (Clazpy) 8.39 (dd) 9.0,2.0 1 142.32
4 (bpy) 8.36 (dt) 8.0,1.0 1 142.03
6 (Clazpy) 8.20 (d) 2.0 1 150.01
6 (bpy) 8.15 (dt) 8.0,1.0 1 154.12
5 (bpy) 7.67 (ddd) 5.5,1.0 1 130.22
10 (Clazpy) 7.58 (t) 8.0 1 134.72
9 (Clazpy) 7.41 (Y) 8.0 2 130.85
8 (Clazpy) 7.30 (d) 8.0 2 123.89

164.80, 156.54,
Quaternary carbons (C)
154.51

d = doublet, dd = doublet of doublet, ddd = doubkedoublet of doublet, dt = douplet

of triplet , t = triplet
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The'H NMR spectrum (Figure 3.112) of [Ru(Clazgippy)](NOs)..
5H,0 complex showed 10 resonances of 24 protons, sir fttazpy ligand and four
from bpy ligand. The spectrum displayed only one afeproton of each ligands
(Clazpy and bpy). This result indicated that bothz@y are equivalent. A chemical
shift of proton H3 on bpy ligand occurred at thevdst field (8.89 ppm) due to trans
effect of pyridine of coordinated bpy to N=N azo Gfazpy. In addition, others
protons in this compound were also studied by usinple correlatiortH-'H COSY
NMR spectroscopy (Figure 3.113).

The'*C NMR (Figure 3.114) results corresponded to th@ DEMR
(Figure 3.115) which showed only one kind of methararbons. The signals at
164.80, 156.54 and 154.51 ppm were assigned tajtaternary carbons C2, C5 and
C7 of Clazpy ligand. Moreover, the othré€ NMR signals assignments were based
on*'H-C HMQC NMR spectrum (Figure 3.116).

2+
ﬁcl —l RUC35H24N1oCl0g
— 5 4

NT 67
| 2NO3

H4 (Clazpy), H4 (bpy)
H6 (Clazpy) H9 (Clazpy)

H8 (Claz
H10 (Clazpy, ( PY)

H3 (bPY)H3 (Clazpy) H6 (bpy) H5 (bpy) H

|
L o
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9.0 8.8 8.6 8.4 8.2 8.0 7.8

e ———
.4 7.2 ppm

Figure 3.112 *H NMR spectrum of [Ru(Clazpy(bpy)](NOs),.5H,0in methanole,
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Figure3.113 *H-'H COSY NMR spectrum of [Ru(Clazp{ppy)](NOs),.5H,0in
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Figure3.114 *C NMR spectrum of [Ru(Clazpy(ppy)](NOs)2.5H,0in methanold,
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Nuclear magnetic resonance spectroscopy of [Ruf@)aphen)](NQ)..3H,O

Table3.60 *H-*C NMR spectroscopic data of [Ru(Clazgphen)](NQ),.3H,0

"H NMR
H-position 3C NMR (CH-type)
d (ppm) J(H2) Amount of H
4,7 (phen) 8.93 (d) 8.5 1 141.09
3 (Clazpy) 8.72 (d) 9.0 1 131.65
2,9 (phen) 8.59 (d) 5.0 1 154.98
5,6 (phen) 8.42 - 1 129.73
4 (Clazpy) 8.30 (dd) 9.0,2.0 1 142.18
3,8 (phen) 8.00 (dd) 8.5,5.0 1 128.42
6 (Clazpy) 7.92 (d) 2.0 1 150.18
10 (Clazpy) 7.58 (1) 8.0 1 134.52
9 (Clazpy) 7.43 () 8.0 2 130.87
8 (Clazpy) 7.36 (d) 8.0 2 123.85
164.80, 146.75, 138.80,
Quaternary carbons (C)
133.22, 154.98

d = doublet, dd = doublet of doublet, t = triplet
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The'H NMR spectrum (Figure 3.117) of [Ru(Clazgiphen)](NQ)..
3H,0 complex showed two sets of ligands (Clazpy and ph€hey displayed 12
resonances of 24 protons, eight from Clazpy ligand four from phen ligand. This
indicated the molecule has €ymmetry. The proton 4, 7 occurred at the lowetd f
due to its position trans to the N=N azo functibnaddition, others protons in this
compound were also studied by using simple coicglatH-'H COSY NMR
spectroscopy (Figure 3.118) ardl-'H TOCSY NMR (Figure 3.119). The later
techniques give detail about the correlation betw@eoton-proton which none
directly bonded such as H3, H4 and H6. Moreover'H ROESY NMR (Figure
3.120) supported the interaction between protomeprin space such as H3, H8 of
phen correlated with H8 of Clazpy ligand.

The®*C NMR (Figure 3.121) results corresponded to th® DEMR
(Figure 3.122) which showed only one kind of methararbons. All quaternary
carbons at 164.80, 146.75, 138.80, 133.22, 154efithped to C2, C5, C7 of Clazpy
and C10, C11, C12, C13 of phen. Moreover, the sthi@ NMR signals assignments
were based onH-*C HSQC NMR spectrum (Figure 3.123). In addition, to
monitoring the correlation between carbon and prats long range coupling-'3C
HMBC NMR (Figure 3.124) techniques was used.
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Nuclear magnetic resonance spectroscopy of [Ruf@)agazpy)](NG),.H.O
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The'H NMR spectrum (Figure 3.125) of [Ru(Clazgi@zpy)](NQ)2.
H,O complex showed 13 resonances of 25 protons becaree resonances were
overlapped. This result indicated that three ligaate unsymmetrical molecules. In
addition, the first signal exhibited at the lowbsld was proton H6 (azpy) (9.25 ppm)
on the pyridine ring of azpy ligand which locatedan coordinated nitrogen on
pyridine ring. In addition, others protons in tb@mpound were also studied by using
simple correlatiorfH-*H COSY NMR spectroscopy (Figure 3.126).

The®*C NMR (Figure 3.127) results corresponded to th@ DEMR
(Figure 3.128) which showed only one kind of methararbons. All quaternary
carbons at 164.82, 164.21, 164.00, 156.91, 15358.93, 140.09, 139.95 belonged
to C2, C7 of azpy ligand and C2, C5, C7 of Cladggnd. Moreover, the othet¥C
NMR signals assignments were based'Br**C HMQC NMR spectrum (Figure
3.129).
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Table 3.61 'H-"*C NMR spectroscopic data of [Ru(Clazggzpy)](NQ;),.H,O

'H NMR
H-position 13C NMR (CH-type)
d (ppm) J(Hz2) Amount of H
6 (azpy) 9.25 (d) 6.5, 1.0 1 132.62
5(az
(azpy) 132.13
3A 8.63 (M) - 3
143.78
3B
4 (azpy) 8.55 (d) 6.0, 1.5 1 154.06
4B 8.50 (dd) 9.0,25 1 143.20
4A 8.42 (dd) 8.5, 2.0 1 143.49
6A 8.37 (d) 2.0 1 150.80
6B 8.25 (d) 2.0 1 151.70
3 (azpy) 7.90 (dt) 75,15 1 132.05
8, 10 7.63 (M) - 131.09, 135.07
9,9, 131.36, 135.24,
7.52 (m) -
8 (azpy) 13 124.07
10B 7.43 (1) 8.5 123.87
9B, 10 7.08 (M) - 130.91, 133.50
8B 6.90 (d) 75 123.74

Quaternary carbons (C)

164.82, 164.21,
164.00, 156.91,
153.56, 152.93,
140.09, 139.95

d = doublet, dd = doublet of doublet, t = tripktts triplet of triplet, m = multiplet
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Table3.62 *H-1*C NMR spectroscopic data of [Ru(Clazg¢NOs),.5H,0

"H NMR ¥C NMR
H-position
3 (ppm) J (Hz) Amount of H (CH-type)
3C 9.21 (d) 8.5 1 133.44
4C 8.68 (dd) 8.5, 2.0 1 143.56
6C 8.63 (d) 2.0 1 153.29
3A 8.61 (d) 8.5 1 132.59
3B 8.58 (d) 8.5 1 132.07
4A 8.50 (dd) 85,20 1 143.43
6A 8.44 (d) 2.0 1 152.28
4B 8.41 (dd) 8.5,2.0 1 143.17
6B 8.32 (d) 2.0 1 150.83
10C, 10A 7.63 (1) 75 2 135.32, 135.21
10B, 9C 7.51 (m) - 3 135.08, 131.42
9A 7.44 (1) 8.5, 1.0 1 131.08
8C 7.36 (dd) 75 2 124.07
8A 124.00
7.27 (m) - 4
9B 130.88
8B 6.85 (dd) 2 123.63

Quaternary carbons (C)

164.11, 164.06,
163.21, 157.24,
152.73, 140.26,
140.03, 139.91

d = doublet, dd = doublet of doublet, t = triplet,= multiplet
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The'H NMR spectrum (Figure 3.130) of [Ru(ClazglfiNO3)».5H,0
complex showed 15 resonances of 24 protons. Sopwaggd to be multiple signals
due to overlap of resonances. In addition, thegm®H3, H4 and H6 on pyridine ring
appeared at lower downfield than protons H8, HO ld&@ on phenyl ring. This may
be due to the pyridine protons having less electtemnsity than the phenyl protons.
From the correlatiodH-'H COSY NMR spectroscopy (Figure 3.131), the threts s
of Clazpy pyridine signals have been distinguish&aice two of the three Clazpy
pyridine rings (A and B) are trans to each othke protons are slightly different
similar to the situation of the [Ru(ClazppPFs). complex. In contrast to the protons
in the Clazpy pyridine ring (C), the chemical skifipeared at the lowest field due to
trans to N=N azo function. These data confirmedrétained configuration of N(py)
and N(azo) orientation from the starting matectd;[Ru(Clazpy)Cl,].

The *C NMR signals assignments (Figure 3.132) correlatgith
DEPTNMR(spectrum (Figure 3.133) were based on'#eé°C HMQC spectrum
(Figure 3.134) which is generally used for studyiage and complicated molecules.
The **C NMR spectrum showed 18 signals from 24 methinbares and six signals
of six quaternary carbons. The signals at 162.58.54 and 135.34 ppm were
assigned to the quaternary carbons C2, C5 andeSgectively. Since C2 was located

between nitrogen atoms, the chemical shift occuatétie lowest field.
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3.5.2.7 Cyclicvoltammetry

Cyclic voltammetry is the most widely used techmiguoviding
information about electrochemical reactions. Thectebchemical behavior of the
[Ru(Clazpy}(L)](NO3)2.xH.0 (L = bpy, phen, azpy, Clazpy) complexes wereiedrr
out in 0.1 M TBAH using CECN as solvent. The electron transfer properties are
shown in Figure 3.135 to 3.138 with correspondiafj-tvave potentials. The cyclic
voltammetric data of these compounds are listehinie 3.63.



205

Table 3.63 Cyclic voltammetric data of [Ru(Clazpy))](NO3)..xH,O (L = bpy,
phen, azpy, Clazpy) in 0.1 M TBAH GBN at scan rate 50 mV/s

(ferrocene as used an internal standard)

B, V
Compounds Oxidation Reduction
Ru(ip/amy |1 [ I IV Y] VI
[Ru(Clazpy}(bpy)](NOs),.5H,0 n -0.44| -0.93| -1.70| -1.98 | -2.28| -
(95) | (85) | (90) | (80) | (95)
[Ru(Clazpy)(phen)](NQ),.3HO n -049|-0.93| -1.71| -1.99 | -2.38 -
(140)| (95) | (87) | (85) | (235)
[Ru(Clazpy)(azpy)](NQ),.H,0 n -0.34| -0.67 | -1.10| -1.78 - -2.48
(85) | (80) | (95) | (95) | 2.1P
[Ru(Clazpy}](NOs),.5HO n -0.33|-0.61| -1.06| -1.72 - -2.44
(85) | (80) | (80) | (75) | 2.10

*E1r= (Bpa + Epg)/2, where Baand B are anodic and cathodic peak potentials,
respectivelyAE, = Eja— By
Pcathodic peak potential, V

“anodic peak potential, V

Oxidation potential

The cyclic voltammogram of [Ru(Clazp{l.)](NO3)..xH,O
complexes where L = bpy, phen, azpy, Clazpy werdiatl in the range 0.00 to +2.00
V. This couple cannot be observed in all compléb@sause the redox of Ru(l)/(lll)
could occur at positive potential greater than 820 which is out of the solvent

window.
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Reduction potential

The reduction potential of [Ru(Clazpf))](NO3)..xH,O complexes
where L = bpy, phen, azpy, Clazpy were studiedha tange 0.00 to -2.60 V. The
cyclic voltammogram of these complexes where L y Bpd phen displayed five
couples, whereas where L = azpy and Clazpy appesiseccouples. The first
reduction which was usually controlled by the ligawhich have the most stable
lower unoccupied molecular orbital (LUMO), was gssid to a reduction centered on
Clazpy. It is well known that azoimine moiety coadcept maximum two electron so
that the last reduction peak may be the reductidn bpy or phen in
[Ru(Clazpy}(L)](NO3)2.xH,O. Meanwhile, two last reduction potential of
[Ru(Clazpy}(azpy)](NGs)2.xH.O belonged to two couple of azpy. The results were
similar to the cyclic voltammogram of [Ru(Clazpi)](PFe)2 (L = bpy, phen, azpy,
Clazpy).

4 1

Current @A)

-6 T T T T
2.0 1.0 0.0 -1.0 -2.0 -3.0

Potential (V)

Figure 3.135 Cyclic voltammogram of [Ru(Clazpyppy)](NOs)2.5H,0in 0.1 M
TBAH CBCN at scan rate 50 mV/s (ferrocene as an intetaabard)
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Figure 3.136 Cyclic voltammogram of [Ru(Clazpyphen)](NQ)..3H,Oin 0.1 M
TBAH C¥CN at scan rate 50 mV/s (ferrocene as an internal
standard)
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Figure 3.137 Cyclic voltammogram of [Ru(Clazpyazpy)]|(NG)2.H.Oin 0.1 M
TBAH C¥CN at scan rate 50 mV/s (ferrocene as an internal
standard)
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Figure 3.138 Cyclic voltammogram of [Ru(ClazpmJ{NO3)2.3H,0in 0.1 M

TBAH CGIEN at scan rate 50 mV(&errocene as an internal

standard)
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3.6 Synthesesand characterization of [Ru(Clazpy),(L)]Cl,.xH,0 (L = bpy,
phen, azpy, Clazpy

3.6.1 Syntheses of [Ru(Clazpy).(L)]Cl..xH,0 (L = bpy, phen, azpy,
Clazpy)

The [Ru(ClazpyXL)]Cl..xH.O (L = bpy, phen, azpy, Clazpy)
complexes was prepared by converted [Ru(Clatp)JPFs). into chloride salts by

treating hexafluorophosphate salts in acetone tetran-butylammonium chloride

(TBACI) also dissolved in acetone. The obtained pl@xes were recrystallized by

the mixing of ethanol and ether. The synthesise@ipresented in Figure 3.139.

2+ 2+
~ N/
N ) .2Cr

|
/ N /Illn...
Ru
- |\N

N
=N, | - 73
//\' " '""‘Ru"“““‘“N ) -2PFs  TBACI /acetone ’/\ f
—_—
~ N/ | ~ N ~N

\!

N\

[ Ru(Clazpy)LIPFY, |

N

N

= bpy, phen, azpy, Clazpy

| [Ru(Clazpy)(L)ICI,xH,0 |

The physical properties of these complexes are sarmed in Table 3.64.

Figure 3.139 Synthetic route for the preparation of [Ru(Clazfiy)]Cl».xH,0
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Table3.64 The physical properties of [Ru(Clazp{h)]Cl..xH,O complexes
(L = bpy, phen, azpy, Clazpy)

Physical properties
Color Melting
Complexes
Appearance| point
solid solution

(°C)
[Ru(Clazpy}(bpy)]CL.7H,O solid dark red dark red 186-187
[Ru(Clazpy}(phen)]CI.8HO solid dark red dark red 188-189
[Ru(Clazpy}(azpy)]Ch.3H,O solid dark brown| light brown 185-186
[Ru(Clazpy}]Cl,.4H,0 solid dark brown| light brown 186-187

The ruthenium(ll) complexes are thermally stablé simow no
reactivity towards air or moisture, except for le @zpy and Clazpy, which are stable
in the solid state but decompose slowly in solutifter several days. The color of the
complexes varied from dark-red to light-brown degieg on L ligand.

The [Ru(Clazpy)L)]Cl..xH.0 (L = bpy, phen, azpy, Clazpy) are
soluble in polar organic solvents such as MeOH,HEtCOH;CN, H,O and are less

soluble in CHCI, and acetone.

3.6.2 Characterization of [Ru(Clazpy).(L)]Cl2.xH20 (L = bpy, phen,
azpy, Clazpy)

The chemistry of [Ru(Clazpy(L)]Cl..xH,O (L = bpy, phen, azpy,
Clazpy) complexes was characterized by elementalysis, Mass spectrometry,
Infrared spectroscopy, UV-Visible absorption spestopy, Nuclear Magnetic
Resonance spectroscopy (1D and 2D NMR). The eldwtroical properties of all

complexes were studied by using cyclic voltammegahnique.
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3.6.2.1 Elemental analysis

Elemental analysis was used to confirm composuio@, H, N in

complexes. The results are given in Table 3.65.

Table 3.65 Elemental analysis data of [Ru(Clazgi)]Cl..xH,O (L =bpy, phen,
azpy, Clazpy)

% C % H % N
Calc. | Found| Calc.| Found| Calc. | Found
[Ru(Clazpy}(bpy)|CL.7H,O | 43.21| 43.54| 431 4.03 12.60 12.43
[Ru(Clazpy)(phen)]Ch.8H,0O | 43.84 | 43.74] 433 4.40 12.08 11.68
[Ru(Clazpy)(azpy)]Ch.4H,O | 45.95 | 46.04] 3.86 3.64 1461 14.37
[Ru(Clazpy}]Cl,.3H,0 45.09| 45.11| 3.44 3.4 1434 13.64

Complexes

A

3.6.2.2 Electrospray (ES) mass spectrometry

The ES mass spectra of [Ru(Clazly)]Cl,.xH,O (L = bpy, phen,
azpy, Clazpy) complexes are displayed in Figuré®@.tb 3.143. The important ES
mass data of complexes with the correspondingivelabundance are listed in Table

3.66.



212

Table3.66 ES mass spectrometric data of [Ru(Clazfy]Cl,.xH.O (L =
bpy, phen, azpy, Clazpy)

m/z Stoichiometry Rel. Abun. (%)

[Ru(Clazpy}(bpy)]ClL.7H,O

692.05 [M-2CI-7H,0-HT* 85

346.02 [M-2CI-7H,0]* 100
[Ru(Clazpy}(phen)]C}h.8H,O

716.0542 [M-2CI-8H,0-H']* 25

358.02 [M-2CI-8H,0]* 100
[Ru(Clazpy}(azpy)]Ch.4H,O

719.06 [M-2CI-4H,0-H'" 60

359.53 [M-2Cl-4H,0]* 100
[Ru(Clazpy}]Cl..3H,0

755.02 [M-2CI-3H,0-H1* 30

377.51 [M-2CI-3H,0]* 100

M = molecular weight (MW) of each complexes
MW of [Ru(Clazpy)(bpy)]Cl,.5H,0 = 889.58 g/mol
MW of [Ru(Clazpy}(phen)]Ch.3H,O = 931.62 g/mol
MW of [Ru(Clazpy}(azpy)]Cb.H,O = 862.56 g/mol
MW of [Ru(Clazpy}]Cl,.5H,0 = 878.99 g/mol

In all the cases, the loss of chlorine ions wasaet with 100%
relative abundance of the parent peak. So, expsttectures were confirmed by this

technique.
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Figure 3.141 ES mass spectrum of [Ru(Clazgphen)]Ch.8H,O
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Figure 3.143 ES mass spectrum of [Ru(Clazg@)l,.3H,O
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Infrared spectr oscopy
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The vibrational spectra of [Ru(Clazpfh))]Cl..xH.O (L = bpy, phen,

azpy, Clazpy) complexes were recorded in 4000-400".cThey showed many

vibration frequencies such as C=C, C=N, N=N (az®;H bending of

monosubstituted benzene and C-CI in this range.ifiinared spectroscopic data of

these complexes are given in Table 3.67 and theseira are shown in Figure 3.144

to 3.147.

Table 3.67 IR data of [Ru(ClazpyjL)]Cl..xH,O (L = bpy, phen, azpy, Clazpy)

Vibrational frequencies

Wave number (cim)
[Ru(Clazpy}(L)]Cl,.xH,O (L = ligands)

bpy phen azpy Clazpy
C=N stretching and 1615(m) 1587(m) 1587(m) 1584(m)
C=C stretching 1548(m) 1546(m) 1548(s) 1548(s)
1450(s) 1452(m) 1451(s) 1457(s)
1429(m)
N=N(azo) stretching 1339(s) 1336(s) 1364(s 1368(s)
1351(s)
C-N stretching 1120(s) 1120(s) 1120(s 1120(s)
C-H out of plane bend in|  772(s) 773(m) 768(s) 774(s)
monosub. benzene 736(m) 723(m) 737(s) 738(s)
694(m) 694(m) 691(s) 693(s)
C-Cl 576(s) 578(s) 570(s) 560(s)

s = strong, m = medium

Infrared spectra of the complexes exhibited shatgnse bands at

3400-3420 crit and supported the presence of water in the mole@uékamoto,

1986). Moreover, IR spectra showed many vibratiohslifferent intensities below
1600 cm'. The N=N bands of these complexes where L wereanglyphen exhibited
around 1336-1339 ciwhich was shifted to lower frequencies than tHathe free
ligand (1360 cnf). The red shift may result from better-backbonding, A —

[1*(azo) in these complexes. Meanwhile, where L wampy and Clazpy, this

vibrational frequency appeared around the samdiposif the free ligand. This result
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may be due to the competition of three azoiminardin molecule. In addition, a
strong vibration around 84@ cm® (Up.p) observing in [Ru(ClazpyL)](PF.)s were
not observedh [Ru(Clazpy)(L)]Cl2.xH20.
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Figure 3.144 IR spectrum of [Ru(Clazpy(ppy)]Cl.7H,O
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Figure 3.145 IR spectrum of [Ru(Clazpy(phen)]Ch.8H,0O
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Figure 3.146 IR spectrum of [Ru(Clazpyjazpy)]Ch.4H,O
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Figure 3.147 IR spectrum of [Ru(Clazpy|Cl,.3H,O
3.6.24 UV-Visible absorption spectroscopy

The optical absorption spectra of [Ru(Clazfly)Cl..xH,O
complexes were recorded in eight solvents;, €y} DMF, DMSO, CHOCH;,
CHsCN, EtOH, MeOH, and D in 200-800 nm range. Electronic spectra of this
complex in CHCN solution are shown in Figure 3.148 to 3.151 ahdorption

spectroscopic data are listed in Table 3.68-3.69.
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Table3.68 UV-Visible absorption spectroscopic data of [Ru(Claz(y)Cl,.xH,O
(L = bpy, phen)

Umax, M (1%x 10* Mem™)
Solvents
[Ru(Clazpy}(bpy)]Cl.7H,O [Ru(Clazpy)(phen)]Cb.8H,O
) 232(2.5) 275(2.1) 232(4.4) 256(3.8)
“7% 1320(2.3) 388(2.3) 525(1.0)| 385(2.9) 522(1.4)
oM 286(2.2) 382(1.8) 272(3.1) 381(2.2)
528(0.9) 528(1.1)
uso | 32124 38120) 263(2.5) 283(2.6)
526(0.9) 380(2.1) 526(0.9)
CHOCH; | 338(1.7) 521(0.8) 337(2.2) 521(1.1)
285(2.3) 316(2.4) 225(4.9) 258(3.7)
CHsCN
380(2.3) 520(0.9) 274(3.7) 378(2.8) 520(1.2)
con | 20743) 285(26) 206(5.5) 225(5.2)
317(2.6) 383(2.6) 520(1.1)| 259(3.6) 275(3.4) 381(3.0)
veon | 207@:2) 286(2.4) 204(5.5) 223(4.9) 259(3.3)
© 316(2.5) 382(2.6) 520(1.0)| 275(3.1) 380(2.8) 520(1.2)
Wt 285(2.2) 382(2.3) 225(4.4) 257(3.0)
T 1 3142.2) 5200.9) 274(2.8) 381(2.6) 520(1.1)

& Molar extinction coefficient
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Table3.69 UV-Visible absorption spectroscopic data of [Ru@pa,(L)]Cl2.xHO
(L = azpy, Clazpy)

Umax, M (1%x 10* Mem™)
Solvents
[Ru(Clazpy}(azpy)]Ch.4H,O | [Ru(Clazpy}]Cl..3H,0
CH.Cl, 232(3.1) 386(3.6) 232(3.6) 386(4.0)
504(1.2) 502(1.2)
OME 281(2.2) 371(2.7) 282(3.6) 378(4.1)
514(1.5) 514(2.1)
DMSO 285(2.5) 332(2.6) 288(3.1) 327(3.4)
382(3.3) 503(1.4) 383(4.6) 501(1.6)
acetone 378(4.0) 5.2(1.3) 379(4.0) 498(1.3)
CHCN 287(2.4) 330(2.9) 294(2.5) 326(3.0)
380(4.2) 498(1.4) 382(4.7) 494(1.5)
£1oH 206(4.2) 287(2.2) 205(5.5) 327(2.9)
329(2.7) 380(3.9) 498(1.3)| 382(4.5) 494(1.4)
MeOH 206(5.1) 286(2.1) 206(7.9) 327(4.2)
© 330(2.6) 381(3.8) 496(1.2)| 383(6.5) 492(2.0)
Water 285(2.3) 328(2.7) 287(2.1) 325(2.5)
383(4.0) 492(1.3) 385(3.9) 491(1.3)

& Molar extinction coefficient

In generally, the electronic transitions in rutivem(ll) tris-chelate
complexes can be classified as metal centered, (lgdhd centeredn{— n*) and
metal-to-ligand charge transfer (Yamg al., 2001). In this work, the complexes
exhibited multiple transitions in this region. Niple transitions in mixed-ligand
complexes may result from the lower symmetry spittof the metal dominated
molecular orbitals. The weak band at longer wawglen4927 nm, may be
associated with a spin forbidden transition in smipit coupled states of ruthenium

4d orbitals (Byabarttat al., 2003). All complexes displayed absorption s@edatr
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UV-Visible region (200-800 nm) which were assigriea—r* transitions of ligands
(e ~ 22000 - 45000 Mcm?) and metal-to-ligand charge transfer (MLCT) tréinsis
(e ~ 12000 - 20000 Mcmi?). In addition, the lowest energy absorption bard o
[Ru(Clazpy}(L)]Cl..xH>O (L = bpy, phen, azpy, Clazpy) were not shiftecewhhe

polarity of solvents was increased.
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Figure 3.148 UV-Visible absorption spectrum of [Ru(Clazpippy)]Cl..7H20 in
CICN
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Figure 3.149 UV-Visible absorption spectrum of [Ru(Clazpiphen)]Ch.8H,O in
C¥CN
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Figure 3.150 UV-Visible absorption spectrum of [Ru(Clazpi@zpy)]Cb.4H,0 in
CiCN
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Figure 3.151 UV-Visible absorption spectrum of [Ru(Clazgigl,.3H,O in CH;CN
3.6.25 Nuclear magnetic resonance spectr oscopy

The NMR spectra of [Ru(Clazp¥).)]Cl..xH,O (L = bpy, phen, azpy,
Clazpy) was prepared in methamland tetramethylsilane (Si(G}H) was used as an
internal reference. Their structures were confirniyd using 1D and 2D NMR
spectroscopic technique®tH(NMR, *H-'H COSY NMR,**C NMR, DEPT NMR and
'H-3C HMQC NMR). The signals were assigned on the bafsipin-spin interaction,
and comparative integration between aliphatic ammatic regions. The structure
and stereochemistry of these complexes were estadliby"H NMR spectral data on
comparison with the spectra of parent complex;[Ru(Clazpy}Cl,]. The NMR

spectroscopic data of complexes are presenteduale Bar0 to 3.73.
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Nuclear magnetic resonance spectroscopy of [Ruf@)abpy)]Cl.7H,O

/(\ju N

N N 6=

| 2CI

\\\N NS 3

Table 3.70 *H-*C NMR spectroscopic data of [Ru(Clazgigpy)]Cl.7H,0O

H NMR 13c NMR
H-position
d (ppm) J(Hz2) Amount of H (CH-type)
3 (bpy) 8.84 (d) 85,1.0 1 126.96
3 (Clazpy) 8.73 (d) 8.0 1 131.69
4 (bpy) 8.41 (ddd) 5.5,1.5 1 142.39
4 (Clazpy) 8.39 (dd) 8.0,2.0 1 142.10
6 (bpy) 8.16 (dd) 55,10 1 150.10
6 (Clazpy) 8.14 (d) 2.0 1 154.80
5 (bpy) 7.71 (dt) 55,10 1 130.34
10 (Clazpy) 7.60 (1) 8.0 1 134.73
9 (Clazpy) 7.42 (dt) 8.0,15 2 130.85
8 (Clazpy) 7.29 (d) 8.0 2 123.85
164.78, 156.46,
Quaternary carbons (C)
154.52, 138.94

d = doublet, dd = doublet of doublet, ddd = doubfedoublet of doublet,

dt = douplet of triplet , t = triplet
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The'H NMR spectrum (Figure 3.152) of [Ru(Clazgippy)]Ch.7H,0
complex displayed only one set of proton of eaghrlids (Clazpy and bpy) with 10
resonances of 24 protons, six signals from Clammnt and four signals from bpy
ligand. This result indicated that both Clazpy tida were equivalent. A chemical
shift of proton H3 on bpy ligand occurred at thevdst field (8.94 ppm) due to trans
effect of pyridine of bpy to N=N azo of Clazpy. &ddition, other protons in this
compound were also studied by using simple coicglatH-'H COSY NMR
spectroscopy (Figure 3.153).

The'*C NMR (Figure 3.154) results corresponded to th@ DEMR
(Figure 3.155) which showed only one kind of methararbons. The downfield
signals at 156.00 ppm belonged to C2 of bpy. Thaads at 164.78, 156.46, 154.52
and 138.94 ppm were assigned to two quaternarynarE2, C5 and C7 of Clazpy
ligand and bpy, respectively. Moreover, the otH8&sNMR signal assignments were
based ortH-*C HMQC NMR spectrum (Figure 3.156).

2+
— 5 4

H6 (Clazpy) H9 (Clazpy)

H8 (Clazpy)

H10 (Clazp

H3 (bpy)H3 (Clazpy) H5 (bpy)

Figure 3.152 'H NMR spectrum of [Ru(Clazpx(bpy)]Ch.7H,O in methanot,
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Figure 3.154 *C NMR spectrum of [Ru(Clazpy(ppy)]Cl.7H,0O in methancb,
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Figure 3.155 DEPT NMR spectrum of [Ru(Clazpybpy)]Cl.7H,0O in methanci,
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Figure3.156 *H-*C HMQC NMR spectrum of [Ru(Clazpyppy)]Cl..7H,0 in
methanaod,
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Nuclear magnetic resonance spectroscopy of [Ruf@)aphen)]Ch.8H,O
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Table3.71 *H and™*C NMR spectroscopic data of [Ru(Clazgphen)]Ch.8H,0

"H NMR
H-position 13C NMR (CH-type)
d (ppm) J(Hz) | Amount of H
4,7 (phen) 8.93 (d) 8.5 1 141.09
3 (Clazpy) 8.72 (d) 9.0 1 131.65
2,9 (phen) 8.59 (d) 5.0 1 154.98
5,6 (phen) 8.42 - 1 129.73
4 (Clazpy) 8.30 (dd) 9.0,2.0 1 142.18
3,8 (phen) 8.00 (dd) 8.5,5.5 1 128.42
6 (Clazpy) 7.92 (d) 2.0 1 150.18
10 (Clazpy) 7.58 (1) 8.0 1 134.52
9 (Clazpy) 7.43 (1) 8.0 2 130.87
8 (Clazpy) 7.36 (d) 8.0 2 123.85
164.80, 146.75, 138.80
Quaternary carbons (C)
133.22, 154.98

S = singlet, d = doublet, dd = doublet of doukiet triplet
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The'H NMR spectrum (Figure 3.157) of
[Ru(Clazpy}(phen)]Cb.8H,O complex showed one set of each ligands (Clazpy and
phen). They displayed 10 resonances of 24 protaghkt from Clazpy ligand and four
from phen ligand. This make molecule hgss§mmetry. The proton H4, H7 of bpy
occurred at the lowest field due to its positioa sans to N=N azo function. The 2D
COSY NMR (Figure 3.158) connectivities result ire thssignment of other protons.
Results from'H-'H ROESY NMR (Figure 3.160) showed interaction tlylospace
between some proton on the bipyridine rings of phed the groups of Clazpy
especially H3, H8 of phen and H8 of Clazpy. Morapvke long-range coupling of
proton by'H-'H TOCSY NMR (Figure 3.159) supported that resulivat.

The®*C NMR (Figure 3.161) results corresponded to th@ DEMR
(Figure 3.162) which showed only one kind of methararbons. All quaternary
carbons at 164.80, 146.75, 138.80, 133.22, 154efithped to C2, C5, C7 of Clazpy
and C10, C11, C12, C13 of phen. Moreover, the sth2 NMR signals assignments
were based onH-*C HSQC NMR spectrum (Figure 3.163) and the longyean
coupling of carbon-proton was determined‘bly**C HMBC NMR spectrum (Figure
3.164).

RuCyH,NgCly
/\‘/N 2cr
" ’
) ~N H5,6 (phen)
8 N
H9 (Clazpy)
H6 (Clazpy) H8 (Clazpy)
Ha, 7(opy) 1 SOV
H3 (Clazpy H4 (Clazpy) 13 (bpy)|  H10 (Clazpy,

Figure3.157 *H NMR spectrum of [Ru(Clazpy(phen)]Ch.8H,0 in methanol,
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Figure3.158 *H-'H COSY NMR spectrum of [Ru(Clazp{phen)]Ch.8H,0O in
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Figure3.159 H-'H TOCSY NMR spectrum of [Ru(Clazpyphen)]Ch.8H,0 in
methandj
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Table3.72 *H-*C NMR spectroscopic data of [Ru(Clazggzpy)]Ch.4H,0

HNMR
H-position ST T T AmountorH 13C NMR (CH-type)
3 (azpy) 9.29 (dd) 8.0,1.0 1 132.75
4 (azpy) 8.68 (dd) 6.0, 2.0 1 143.87
3A 8.68 (d) 6.5 1 143.87
3B 8.64 (d) 8.5 1 132.17
6 (azpy) 8.56 (dd) 55,10 1 154.10
4B 8.51 (dd) 8.0, 2.0 1 143.32
4A 8.45 (dd) 8.5, 2.0 1 143.62
6A 8.37(d) 2.0 1 150.66
6B 8.14 (d) 2.0 1 151.43
5 (azpy) 7.95 (ddd) 5.5,1.0 1 132.33
10 (azpy) 7.64 (t) 8.0 1 135.33
10A 7.62 (1) 7.5 1 135.18
10B 7.54 (t) 7.5 1 133.59
9 (azpy) 7.50 (t) 8.5 2 131.42
9A 7.43 (1) 8.5 2 130.95
8A 7.305 (d) 8.0 2 123.88
9B 7.30 (1) 8.0 2 124.07
8 (azpy) 7.29 (d) 7.5 2 131.12
8B 6.89 (dd) 7.5,1.0 2 123.75
164.80, 164.22, 164.00
Quaternary carbons (C) 156.88, 153.56, 152.93
140.08, 139.99

d = doublet, dd = doublet of doublet, ddd = doubkedoublet of doublet, t = triplet
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The'H NMR spectrum (Figure 3.165) of
[Ru(Clazpy}(azpy)]Ch.4H20complex showed 13 resonances of 25 protons because
some resonances are overlapping. This result iteticthat three of ligands are
unsymmetrical molecules. The first signal appeateithe lowest field was proton H6
(9.25 ppm) which located near coordinated nitrogerpyridine ring of azpy. Since
aromatic regions of the spectra are very complexngwo the large number of
protons from Clazpy and azpy rings, others protarthis complex were also studied
by using simple correlatiotH-'H COSY NMR spectroscopy (Figure 3.166).

The'*C NMR (Figure 3.167) results corresponded to th€ DEMR
(Figure 3.168) which showed only one kind of methararbons. All quaternary
carbons at 164.80, 164.22, 164.00, 156.88, 15358.93, 140.08, 139.99 belonged
to C2, C7 of azpy ligand and C2, C5, C7 of two @lakigands. Moreover, the others
3C NMR signals assignments were basedt#*C HMQC NMR spectrum (Figure
3.169).

3 21
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Figure3.165 *H NMR spectrum of [Ru(Clazpxjazpy)]Ch.4H,0 in methancl,
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Nuclear magnetic resonance spectroscopy of [Ruf@)dL!,.3H.O

cl _l 2+

Cl
2N\ 4
c| 2cr
N~ 3

<

cho

As [Ru(Clazpy)]Cl,.3H,0 has Gsymmetry, all three Clazpy ligands
are not equivalent, resulting in 15 resonancesgchvimave fully been assigned by
using 2D COSY NMR spectroscopy. First 2D COSY NMike three sets of Clazpy
pyridine signals and three sets of azpy phenylatgghave been distinquished.

The'H NMR spectrum (Figure 3.170) of [Ru(Clazgi@l,.3H,0
complex showed 15 resonances of 24 protons. Sopwaggd to be multiple signals
due to overlap of resonances. In addition, thegm®H3, H4 and H6 on pyridine ring
appear at lower downfield than protons H8, H9 ad® ldn phenyl ring. This may be
due to the pyridine protons having less electramsiy than the phenyl protons. From
the correlation'H-'H COSY NMR spectroscopy (Figure 3.171), the three of
Clazpy pyridine signals have been distinguishedc&itwo of the three Clazpy
pyridine rings (A and B) are trans to each othbe protons are slightly different
similar to the situation of the [Ru(ClazplPFs). complex. In contrast to the protons
in the Clazpy pyridine ring (C), the chemical slafipeared at the lowest field due to
trans to N=N azo function. These data confirm thefiguration of N(py) and N(azo)
orientation from the starting materiatc-[Ru(Clazpy}Cls].

The®*C NMR signals assignments (Figure 3.172) and DBEHgute
3.373) were based on th#d-*C HMQC spectrum (Figure 3.174) which was
generally used for studying large and complicatedesules. Thé>C NMR spectrum
showed 14 signals from 24 methine carbons and thigmals of six quaternary
carbons. The signals at 164.09, 163.07, 157.17.294nd 140.13 ppm was assigned
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to the quaternary carbons C2, C5 and C7, respéctiSace C2 was located between

nitrogen atoms, the chemical shift occurred atdhesst field.

Table 3.73 'H-"*C NMR spectroscopic data of [Ru(Clazg@)l».3H,O

- H NMR 3C NMR
H-position
3 (ppm) J(Hz) Amount of H (CH-type)
3C 9.26 (d) 8.5 1 133.58
AC 8.72 (dd) 8.5, 2.0 1 143.29
6C 8.63 (d) 7.5 132.75
3A 8.62 (d) 1.0 3 153.19
3B 8.60 (d) 9.0 153.19
4A 8.52 (dd) 8.5,2.0 1 143.55
4B 8.44 (d) 8.5,2.0 1 143.71
6A 8.32 (d) 2.0 1 151.95
6B 8.30 (d) 2.0 1 150.66
10C 135.46
oA 7.63 (tt) 7.5 2 13531
10B 7.53 (1) 7.5 135.22
9C 7.50 (1) 75,20 S 132.22
9A 7.45 (t) 8.0 131.10
8A 7.33(d) 7.5 124.09
9B 7.28 () 7.5 6 131.47
8C 7.27 (dd) 7.5,1.0 130.92
8B 6.84 (d) 8.0 2 123.66
164.09, 163.07,
Quaternary carbons (C) 157.17, 140.29,
140.13

d = doublet, dd = doublet of doublet, t = tripltt: triplet
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Figure3.171 *H-'H COSY NMR spectrum of [Ru(Clazpjtl,.4H,O in methaneb,
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3.4.2.6 Cyclicvoltammetry

Redox properties of the [Ru(Clazp{p)]Cl..xH-O (L = bpy, phen,
azpy, Clazpy) were examined by cyclic voltammetsing glassy carbon electrode in
CH3CN in the presence of tetrabutylammonium hexafluorophaosphate (TBAH) as
supporting electrolyte. The potentials were comgaoethe potential of the ferrocene
couple as used an internal standard. Cyclic voltagrams of CHCN solution of the
complexes are shown in Figure 3.175 to 3.178. Tywiccvoltammetric data are

summarized in Table 3.74.
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Table 3.74 Cyclic voltammetric data of [Ru(Clazp))]Cl..xH.O (L = bpy, phen,
azpy, Clazpy) in 0.1 M TBAH CECN at scan rate 50 mV/s (ferrocene

as used an internal standard)

*E12, V

Compounds Oxidation Reduction

Ru(i/qiy |1 [ I IV Y,
[Ru(Clazpy}(bpy)]Cl.7H,O +0.68 | -0.45|-0.93|-1.71| -2.02 | -2.37
(75) | (70) | (75) | (80) | (135)
[Ru(Clazpy}(phen)]Cb.8HO +0.7° | -0.46|-0.95|-1.71| -2.01 | -2.42
(75) | (85) | (85) | (85) | (225)
[Ru(Clazpy}(azpy)]Ch.4H,O +0.55 |-0.34|-0.66|-1.10| -1.78 | -2.23
(75) | (80) | (75) | (75) | (135)
[Ru(Clazpy}]Cl,.3HO +0.67 |-0.33|-0.61|-1.06| -1.72 | -2.18
(80) | (85) | (75) | (75) | (110)

*E1r= (Bpa+ Epg)/2, where Baand B are anodic and cathodic peak potentials,
respectivelyAE, = Epa— Epc
Pcathodic peak potential, V

“anodic peak potential, V

Oxidation potential

The cyclic voltammogram of [Ru(Clazp{l.)]Cl..xH,O complexes
where L = bpy, phen, azpy, Clazpy were studiechenrange 0.00 to +1.50 V. These
complexes exhibited only anodic peak at +0.55 to/ #Q@vhich less value than the
parent complexgtc-[Ru(Clazpy)}Cly] (+0.82 V). It was observed that chloride salt

complexes are easily to be oxidized from Ru(llRw(l1l) as shown in equation 3.17.

[Ru(Clazp))]?** — [Ru(Clazpy}(L)]** + € (3.17)
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Reduction potential

The reduction potential of [Ru(Clazp{l))]Cl..xH,O complexes
where L are bpy, phen, azpy, Clazpy were studiethenrange 0.00 to -2.60 V. All
complexes exhibit five reductive response negatalees at the scan rate 50 mV/s,
four redox couple were observed; one of them wassigeversible as evident from
peak-to-peak separation valuts, > 110 mV. The first reductive reversible couple
showed at less negative potential than that of tharent complexes,
ctc-[Ru(Clazpy}Cl,]. Since both polypyridyl and azoimine compounds aacidic
ligands, azoimine unit can accommodate two elestrat LUMO mostly
characterized by azo groups (Goswanal., 1982). First four couples occurred due
to azd/azo reduction of two coordinated Clazpy and tfté fiesponse was referred to
bpy or phen in [Ru(ClazpyL)]Cl..xH,O and to azpy or Clazpy in
[Ru(Clazpy}(L)]Cl,.xH,O such equation 3.18 to 3.27.

[Ru"(Clazpy)(Clazpy)(bpyfl  + & — [Ru'(Clazpy")(Clazpy)(bpy)]  (3.18)
[Ru"(Clazpy")(Clazpy)(bpy)] ~ + & — [Ru"(Clazpy")(Clazpy)(bpy)”  (3.19)
[Ru"(Clazpy")(Clazpy")(bpy)l* + € — [Ru'(Clazpy?)(Clazpy")(bpy)]*  (3.20)
[Ru"(Clazpy?)(Clazpy")(bpy)]* + € — [Ru'(Clazpy?)(Clazpy’)(bpy)]*  (3.21)
[Ru"(Clazpy?)(Clazpy?)(bpy)]? + € — [Ru'(Clazpy’)(Clazpy’)(bpy)]® (3.22)

and

[Ru'(Clazpy)(Clazpy)(azpy]] ~ +é— [Ru'(Clazpy')(Clazpy)(azpy)]  (3.23)
[Ru"(Clazpy")(Clazpy)(azpy)] ~ +é— [Ru'(Clazpy")(Clazpy')(azpy)l  (3.24)
[Ru"(Clazpy")(Clazpy*)(azpy)f  + € — [Ru"(Clazpy")(Clazpy")(azpy")] ™" (3.25)
[Ru"(Clazpy")(Clazpy*)(azpy")]* + € — [Ru'(Clazpy?)(Clazpy")(azpy")]* (3.26)
[Ru' (Clazpy®)(Clazpy")(azpy")]  + € — [Ru'(Clazpy’)(Clazpy’)(azpy")]® (3.27)

etc.
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Figure 3.175 Cyclic voltammogram of [Ru(Clazpybpy)]Cl..7H,O in 0.1 M

TBAH CECN at scan rate 50 mV/s (ferrocene as an intetaatard)
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Figure 3.176 Cyclic voltammogram of [Ru(Clazpyphen)]Cl,.8H,0O in 0.1 M
TBAH CECN at scan rate 50 mV/s (ferrocene as an intetaatard)
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Figure 3.177 Cyclic voltammogram of [Ru(Clazppzpy)]Cl..4H,O in 0.1 M
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Figure 3.178 Cyclic voltammogram of [Ru(ClazpJl ».3H,0 in 0.1 M TBAH
CECN at scan rate 50 mV/s (ferrocene as an intetaatard)
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3.7 Syntheses and characterization of [Ru(bpy).(Clazpy)]X,and
[Ru(phen),(Clazpy)] X2 (X = PF¢, CI)

3.7.1 Syntheses of [Ru(bpy)2(Clazpy)] X, and [Ru(phen),(Clazpy)] X2
(X =PFg, CI)

Ruthenium trichloride hydrate was refluxed in DMRhe presence of
excess stoichiometric amount of 1,10-phenanthrbl2-bipyridine. This afforded

the final product cis-bis(1,10-phenanthroline)rutheniuméis-bis(2,2-bipyridine)
ruthenium (Figure 3.179).

bpy/ DMF/ LiCl

RIS cis-[Ru(bpy),Cl,]
~ \C. (Sillivan et al., 19278)

RuCl;.3H,0

phen/ DMF/ LiCl Ru\ cis[Ru(phen)Cl,]

cl (Sillivanetal., 1978)

Figure3.179 Synthetic routes for the preparatiorcsF[Ru(bpy):Cl;] and

cis-[Ru(phen)Cl;]

The synthesizedis-[Ru(bpy):Cl,] or cis-[Ru(phen)Cl;] complexes
were used as precursors to prepare the mixed-ligantplexes. The third chelate
ligand used was Clazpy and was introduced in tlesgmce of alcohol and AgNO
(Figure 3.180). The expected compounds precipitaedRu(bpy)Clazpy)](PFk).
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and [Ru(phen)Clazpy)](Pk).. Finally, the PE complexes were converted to the
water-soluble chloride salts by the standard procedsing TBACI.

yZ —|2+
| cl
S
z ) N o
cis-[Ru(bpy)Cl,] SRS
. Rl e
AgNO,/MeOH o~ N
| \ [Ru(bpy),(Clazpy)](PF)
S N
g
Clazpy
yZ —|2+
| cl
NS
r " 3 :
cis[Ru(phen)Cl,] M. G I
"Ru:
/ /,N
AGNOJMEOH - o~ \ [Ru(phen)(Clazpy)](PF)
19QlS
g

Figure 3.180 Synthetic routes for the preparation of [Ru(bf®azpy)](PF).and
[Ru(phesiflazpy)](PF)2

The physical properties of these complexes are sarmed in Table 3.75.

Table3.75 The physical properties of [Ru(bp{Clazpy)]X.and
[Ru(pheg(Clazpy)]X; (X = Pk, CI)

Physical properties
Complexes Color Melting
Appearance _
solid solution | point CC)
[Ru(bpyk(Clazpy)](Pk)2 solid dark red dark red 248-249
[Ru(phen)(Clazpy)](Pk)- solid dark red dark red 246-247
[Ru(bpy)(Clazpy)]Cb.7H,O solid dark red dark red 235-236
[Ru(phen)(Clazpy)]Cb.8H,O solid dark red dark red 252-2538
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The [Ru(bpy)(Clazpy)]X; and [Ru(phen)Clazpy)]X. (X = PR were
very soluble in acetone, DMF, DMSQO; less solubl€it,Cl,, EtOH and MeOHIn
contrast to these complexes where X is @ley were very soluble in alcohol but less
soluble in acetone.

3.7.2 Characteization of [Ru(bpy).(Clazpy)] X, and
[Ru(phen)(Clazpy)] X2 (X = PFe, CI')

The chemistry of [Ru(bpy{Clazpy)]X; and [Ru(phen)Clazpy)]X;

PR, CI) complexes were characterized by elemental arsaly$lass

(X
spectrometry, Infrared spectroscopy, UV-Visible apsion spectroscopy, Nuclear
Magnetic Resonance spectroscopy (1D and 2D NMR).€léctrochemical properties

of all complexes were studied by using cyclic veitaetric technique.

3.7.2.1 Elemental analysis

The composition of [Ru(lzfClazpy)]X: (X = PR, CI) was formulated
by microanalytical data. The result showed thertal values consistent with the

proposed formulas. The results are given in Tall6.3

Table3.76 Elemental analysis data of the [Ru(by§€lazpy)]X, and
[Ru(pheg(Clazpy)]X. (L = PFs, CI)

% C % H % N
Complexes
Calc. | Found| Calc.| Found| Calc. | Found
[Ru(bpy)(Clazpy)](PR)s 40.43 40.82| 2.63 2.56 10.64 9.55
[Ru(phen)(Clazpy)](PR)es 43.38 42 50| 2.5(¢ 2.30 10.12 8.90
[Ru(bpy)(Clazpy)]Cb.7H,O 44.96 4580, 4.62 4.30 11.84 11.71

[Ru(phen)(Clazpy)]Ch-8H,0 | 4701 | 47.11 451 499 1096 10.61
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3.7.2.2 Electrospray (ES) mass spectrometry

The electrospray mass spectrum of [Ru(bi@/pzpy)]X; and
[Ru(phen)(Clazpy)]X; (X = PR, CI) complexes are shown in Figure 3.181 to 3.184.

The results are given in Table 3.77.

Table3.77 ES mass spectrometric data of the [Ru(b{@/rzpy)]X; and
[Ru(pheg(Clazpy)]X; (X = Pk, CI)

m/z Stoichiometry Rel. Abun. (%)
[Ru(bpyk(Clazpy)](Pk)2
776.05 [M-PFg]* 35
315.54 [M-2PFg]** 100
[Ru(phen)(Clazpy)](PF)-
824.05 [M-PFg]” 50
339.54 [M-2PFg]** 100

[Ru(bpy)(Clazpy)]Ch.7H,0

315.53 [M-2CI-7HOJ>* 100

[Ru(phen)(Clazpy)]Cb.8H,O

339.54 [M-2CI-8H,07%* 100

M = molecular weight (MW) of each complexes
MW of [Ru(bpy)(Clazpy)](PF). = 921.03 g/mol
MW of [Ru(phen)(Clazpy)](PF). = 969.07 g/mol
MW of [Ru(bpy)(Clazpy)]Cb.7H,O = 828.11 g/mol
MW of [Ru(phen)(Clazpy)]Cb.8H,O = 894.17 g/mol

In [Ru(bpy)(Clazpy)](Pk). and [Ru(phen)Clazpy)](Pk),, the first
fragment was due to ion pair of [Rug{Glazpy)f (PFR)". The second one showed of
the complex cation [Ru(L{Clazpy)f* which gave 100% relative abundance. This
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pattern of fragmentation was similarly to for [Rilazpy)f* (Tempiam, S., 2002;
Rattanawit, N., 2002). In contrast to the [Ru(bf®)azpy)]Cb.xH,O and
[Ru(phen)(Clazpy)]Cb.xH,O complexes, only one fragment was observed which
lossing of water molecule in each complexes. TheMsS thus confirms the

authenticity of the complex.

100+ 315.54

776.05

350.53 612.11
me B S L 1890 702l sooss en0u00 g,

300 350 400 450 500 550 600 650 700 750 800 850

Figure3.181 ES mass spectrum of [Ru(bpiglazpy)](PFk)2
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Figure 3.182 ES mass spectrum of [Ru(phg®lazpy)](Pk)-
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Figure 3.183 ES mass spectrum of [Ru(bp{glazpy)]Cb.7H,O
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Figure 3.184 ES mass spectrum of [Ru(phg®lazpy)]Cb.8H,O
3.7.2.3 Infrared spectroscopy

The infrared spectroscopic data in the region 4000cn" could be
used to give information about coordinated ligandntetal center. The important
vibrational frequencies below 1800 ¢was used to assigned significant peak such as
C=C, C=N especially N=N stretching of [Ru(bglazpy)]X. and
[Ru(phen)(Clazpy)] % (X = PR, CI) complexes in KBr. The infrared spectra of
complexes are shown in Figure 3.185 to 3.188. Timansaries of the infrared

spectroscopic data are listed in Table 3.78.
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Table3.78 IR data of [Ru(bpy)Clazpy)]Xz and [Ru(phen)Clazpy)]X; (X = PR,

C)

Wave number (cim)

Vibrational frequencies  [Ru(bpy)(Clazpy)]X. [Ru(phen)(Clazpy)]X,
PR Cr PR CI
C=N stretching and 1542 (m) 1603 (m) 1541 (m) | 1542 (m)
C=C stretching 1517 (m) 1543 (m) 1452 (m) | 1513 (m)
1457 (s) 1467 (m) 1432 (s) | 1450 (m)
1432 (m) 1448 (m) 1428 (m)
N=N(azo) stretching 1329 (s) 1307 (s 1328 (3) 1304
C-N stretching 1121 (s) 1121 (s) 1121 (s 1120
C-H out of plane bend 769 (s) 771 (m) 770 (s) 774 (m)
in monosub. benzeng 723 (m) 729 (m) 723 (m) 721 (m)
698 (m) 701 (m) 668 (m) 699 (m)
PR strextching 842 (s) - 841 (s) -
C-Cl 558 (s) 545 (s) 558 (s) 523 (s

s = strong, m = medium

Infrared spectra of all complexes showed many vidma of different

s)

intensities below 1600 c¢m The N=N stretching of [Ru(bpy(Clazpy)](PF). and
[Ru(phen)(Clazpy)](PFk). complexes appeared at 1329 and 1328, amspectively.
Whereas, this peak was shifted to lower energyRiun(ppy)(Clazpy)]Chb.7H,O and
[Ru(phen)(Clazpy)]Ch.8H,0 at 1307 and 1304 cf respectively. In addition, the
b in [Ru(L)2(Clazpy)](PK), showed band in the 841-842 ¢mas absent for the
corresponding chloride salts, [Ruf($lazpy)]Ch.xH.O.
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Figure 3.185 IR spectrum of [Ru(bpyjClazpy)](PF)2
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Figure 3.186 IR spectrum of [Ru(phep(Clazpy)](Pk)
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Figure 3.187 IR spectrum of [Ru(bpyjClazpy)]Cb.8H,O
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Figure 3.188 IR spectrum of [Ru(phep(Clazpy)]Chk.8H,O
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3.7.2.4 UV-Visble absor ption spectr oscopy

The UV-Visible absorption spectra of [Ru(bg@lazpy)]X. and
[Ru(phen)Clazpy]X; (X = PR, CI) complexes are recorded in various solvents in
200-800 nm range. Electronic spectra of these comg® in CHCN solution are
shown in Figure 3.189 to 3.193 and the positionthefelectronic absorption maxima

and the extinction coefficients are listed in Ta®lé9 - 3.80.

Table3.79 UV-Visible absorption spectroscopic data of [Ry(aClazpy)](Pk)
and [Ru(phexTlazpy)](Pk)2

Amax, NM €% x 10* Mtem™)
Solvents
[Ru(bpy)(Clazpy)](Pk)- [Ru(phen)(Clazpy)](Pk)-
232(6.4) 264(8.7) 232(5.5) 264(8.0)
CH,ClI,
352(2.8) 502(1.4) 352(2.3) 502(1.1)
v 270(5.4) 351(L.7) 270(6.8) 351(2.2)
502(1.0) 502(1.3)
uso | 26568) 35124) 265(7.0) 351(2.4)
502(1.1) 502(1.1)
CHsOCH; | 348(2.6) 502(1.3) 348(2.2) 502(L.1)
chon | 22463 26162) 224(6.5) 262(7.5)
347(2.0) 500(1.0) 345(2.1) 500(1.0)
cop | 22461) 263(63) 207(1.2) 263(L.3)
350(2.0) 500(0.9) 349(4.2) 495(2.0)
veon | 20763) 223(6.4) 207(7.9) 223(8.1)
© 262(6.1) 351(1.9) 500(1.0)| 262(7.6) 350(2.5) 495(1.9)

& Molar extinction coefficient
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Table3.80 UV-Visible absorption spectroscopic data of Ru(bf§azpy)]Cb.7H,O
and [Ru(pheflazpy)]Cb.8H,O

Amax, NM €% x 10* M tem™)
Solvents
[Ru(bpy)(Clazpy)]Cb.7H,O [Ru(phem)(Clazpy)]Cb.8H,O
278(4.5) 369(1.7) 232(4.8) 264(5.5)
CH.Cl,
506(0.9) 352(1.9) 504(0.9)
OME 283(4.1) 363(1.4) 269(5.4) 352(1.7)
503(0.9) 500(1.0)
DMSO 281(4.0) 362(1.5) 266(5.3) 351(1.8)
507(0.9) 507(0.8)
CH3OCH; | 363(1.9) 502(1.1) 347(1.9) 502(0.9)
CHCN 244(2.7) 277(4.2) 222(6.1) 262(6.2)
363(1.5) 502(0.9) 347(1.9) 502(0.9)
E£1OH 206(4.9) 245(3.1) 224(6.5) 263(6.5)
279(4.8) 368(1.8) 501(1.0)| 349(2.1) 500(1.0)
MeOH 206(3.9) 243(2.4) 206(6.3) 223(6.4)
© 278(3.7) 368(1.4) 502(0.9)| 262(6.2) 349(2.0) 500(1.4)
H.O 244(2.7) 276(4.0) 224(5.8) 261(5.5)
363(1.5) 502(0.9) 345(1.8) 502(0.9)

& Molar extinction coefficient

The absorption spectra of Ru(bglazpy)]X; and
[Ru(phen)(Clazpy)]X; (X = PR, CI) exhibited several bands in UV-Visible region
(200-800 nm). In the [Ru(bpyClazpy)f* complexes the UV region showed the
bands around 2%32 and 26%4 nm were assigned ta—n* charge transfer
transition. The same transition was found in frgeytdine at 236 and 280 nm
(Changsaluk, 2002). There are also two bands andr8583 and 5033 nm, which
were attributed to metal-to-ligand charge transfensitions (MLCT) involving 2,2

bipyridine (bpy) and Clazpy ligands.
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Similar to [Ru(phen)Clazpy)f*, the UV region showed the bands
around 21%8 and 26%5 nm were assigned to the phenanthroline ligan@. Sdme
transition was found in free phenanthroline at 288 264 nm (Rattanawit, 2002), so
that coordination of the ligands result in a slighted shift in the transition energy.
There are also two bands at aroundt#35and 4983 nm, which were attributed to
metal-to-ligand charge transfer transitions (MLCiRyolving Clazpy ligands. In
addition, the lowest energy absorption band wasshiited when the polarity of

solvents was increased.
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Figure 3.189 UV-Visible absorption spectrum of [Ru(bp{Clazpy)](Pk).in

CHsCN
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Figure 3.192 UV-Visible absorption spectrum of [Ru(phef@lazpy)]Cb.8H,O in
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3.7.25 Nuclear magnetic resonance spectr oscopy

The structure of [Ru(bpy)Clazpy)]X; and [Ru(phen)Clazpy)]X.
(X = PR, CI) complexes was explained by using 1D and 2D NMBc&pscopic
techniques. Its NMR spectra was recorded in metdnand tetramethylsilane
(Si(CHg)4) was used as an internal reference. The NMR spmxipic data of are
presented in Table 3.81-3.84.

Nuclear magnetic resonance spectroscopy of [RufPhazpy)](PF)2
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Table3.81 *H-**C NMR spectroscopic data of [Ru(bpi@lazpy)](PFk).

'"H NMR
position 13C NMR (CH-type)
o (ppm) J(Hz) Amount of H

3(Clazpy) 9.01(d) 8.5 1 129.41
3B, 8.94 (td) 8.0, 1.0 ) 126.35
3C 125,98
3A 8.63 (d) 8.0 1 125.41
3D 8.49 (d) 8.0 1 125.17

4(Clazpy) 8.46 (dd) 8.5,2.0 1 140.87
4B 8.39 (dd) 8.0, 1.0 1 141.06
4C 8.36 (dd) 8.0,1.0 2 141.40

6(Clazpy) 8.37 (d) 2.0 1 141.11
6B 8.32 (m) - 1 154.25
4A 8.34 (m) - 1 149.76
4D 8.11 (td) 8.0 1 140.29
6C 8.01 (dt) 5.0,1.0 1 152.00
6D 7.94 (dt) 5.0,1.0 1 152.55
6A 7.84 (dt) 5.0, 1.0 1 153.76
5C 7.68 (m) - 129.74
5B 7.76 (M) - 3 129.84
5A 7.74 (dd) 55,10 129.77
5D 7.54 (td) 8.0, 1.0 1 129.23

10(Clazpy) 7.42 (tt) 75,15 1 132.07

9(Clazpy) 7.24 (tt) 75,15 2 130.89

8(Clazpy) 7.17 (dd) 75,15 2 123.05

Quaternary carbons (C)

165.95, 157.58, 157.22, 156.93,
155.99, 155.76, 136.25

d = doublet, dd = doublet of doublet, td = trippétdoublet, dt = douplet of triplet ,
tt = triplet of triplet, m = multiplet
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The'H NMR spectrum (Figure 3.193) of [Ru(bp{Glazpy)](Pk)-
were based on 14 resonances of 24 protons and aiotihese proton appeared at the
same position due to overlapping. For the expectedplexes, the pyridine ring C is
trans to the pyridine ring of Clazpy ligand, whigridine ring B is trans to the N=N
group. Thus the protons on the pyridine ring C Bnohay be shifted to lower field
than those of other ring. The chemical shift oftproH3 on pyridine ring of Clazpy
ligand having strong-donor to ruthenium center occurs at the lowedt f(©.01
ppm) following the H3 in ring B and ring C. In atidn, three resonances occurring at
7.42 (tt), 7.24 (tt), 7.11 (dd) ppm can be assigtedhe protons H10, H9, H8 of
Clazpy ligand, respectively which due to electrimh in ring. Other protons were also
studied by using simple correlatidd-'*H COSY NMR spectroscopy (Figure 3.194).

The®*C NMR (Figure 3.195) results corresponded to th@ DEMR
(Figure 3.196) showed only one kind of methane @asb The signals at 165.95,
157.58, 157.22, 156.93, 155.99, 155.76 and 136@% were assigned to two
guaternary carbons C2, C5, C7 of Clazpy ligand &@®# of bpy, respectively.
Moreover, the othet>C NMR signals assignments were based'lda*C HMQC
NMR spectrum (Figure 3.197).
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H9 (Claz
/ H5, H5,, H5, (Clazpy)
—

H3,, H3, H4 (Clazpy / E x H8 (Clazpy)
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{ I-:/':’)A V H4gﬁ H6r I-}G o H6, // \l HlO/(C|aZp’AKP; A
- \ - |
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Figure 3.193 *H NMR spectrum of [Ru(bpyClazpy)](PF)2 in acetoneds
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Figure3.195 °C NMR spectrum of [Ru(bpy|Clazpy)](PF). in acetoneds
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Nuclear magnetic resonance spectroscopy of [Rujpt@&azpy)](PF):

The'H NMR spectrum (Figure 3.198) of [Ru(phgi@lazpy)](Pk).is
Clearly asymmetric product with 14 resonances ofpgdtons. The proton H3 of
Clazpy occurred at the lowest field due to its posiare trans to N=N azo function.
In addition, others protons in this compound welso astudied by using simple
correlation'H-H COSY NMR spectroscopy (Figure 3.199).

The'*C NMR (Figure 3.200) results corresponded to th@ DEMR
(Figure 3.196) which showed only one kind of methararbons. All quaternary
carbons at 166.28, 155.71, 148.03, 147.77, 1471.46,73, 136.08, 132.59, 132.44,
131.72 and 131.69 belonged to C2, C5, C7 of Claamy C10, C11, C12, C13 of
phen. Moreover, the otherSC NMR signals assignments were based'idr*C
HMQC NMR spectrum (Figure 3.201). The techniquevstm evidence for the
presence of protons which attached to the diffetgpes of carbon atoms in the
spectrum obtaining from HMQC (Byabartta, 2007).
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Table 3.82 'H and**C NMR spectroscopic data of [Ru(phgi®lazpy)](PF)-

'"H NMR
position 13C NMR (CH-type)
o (ppm) J(Hz) Amount of H

3(Clazpy) 9.04 (d) 8.5 1 129.74
4A 9.03 (dd) 8.5,1.0 1 139.86

7A 9.00 (dd) 8.5, 1.0 1 139.84

2A 8.96 (dd) 5.5,1.0 1 155.68

4B 8.90 (dd) 8.5,1.0 1 140.34

7B 8.64 (dd) 8.0, 1.0 1 138.96

5A 8.51 (d) 8.5 1 129.47

6A 8.48 (d) 8.5 1 129.33
4(Clazpy) 8.44 (dd) 8.5, 2.0 1 141.04
9A 8.42 (dd) 5.5, 1.0 1 155.07

5B 8.34 (d) 9.0 1 128.91
6(Clazpy) 8.33 (d) 2.0 1 150.32
2B 8.30 (dd) 5.5, 1.0 1 153.23

6B 8.22 (d) 9.0 1 129.18

3A 8.14 (dd) 8.5,5.5 1 128.13

9B 8.12 (dd) 8.0, 1.0 1 153.67

8A 8.10 (dd) 8.5,5.5 1 127.94

3B 7.85 (dd) 8.5,5.5 1 127.57

8B 7.66 (dd) 8.0 1 127.39

10 (Clazpy)|  7.19 (tt) 70,15 1 131.93
8 (Clazpy) 7.08 (dd) 7.0,1.5 2 122.58
9 (Clazpy) 7.01 (tt) 7.0,15 2 129.63

Quaternary carbons (C)

166.28, 155.71, 148.03, 147.77,
147.46, 146.73, 136.08, 132.59,
132.44,131.72, 131.69

d = doublet, dd = doublet of doublet, tt = tripbétriplet
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Table 3.83 H-*C NMR spectroscopic data of [Ru(bp{@lazpy)]Cbh.7H,O

N '"H NMR s
position C NMR (CH-type)
o (ppm) J(Hz) Amount of H

3(Clazpy) 8.93 (d) 8.5 1 129.54
3A 8.86 (t) 8.0 A 126.60
3B 125.24
3A 8.52 (d) 8.0 1 125.62

4(Clazpy) 8.40 (dd) 9.0, 2.0 1 141.50
3B 8.37 (d) 8.0 1 125.45
iy 8.30 (d) 8.0 1 141.44
4B 8.26 (m) - A 141.30
4A 8.24 (m) - 141.14
6A' 8.13 (d) 5.5 1 154.14
4B 8.03 (dd) 8.0, 1.0 1 140.47

6(Clazpy) 8.00 (d) 2.0 1 149.18
6A 7.73 (d) 5.5 1 151.76
68’ 7.70 (d) 6.0, 1.0 1 152.38
5B 7.62 (m) - . 130.03
5A 7.64 (m) i 129.86
5A 7.65 (m) - 129.86
6B 7.53 (d) 5.5 1 153.53
58’ 7.46 (it) 5.5, 1.0 1 129.28

10(Clazpy) 7.36 (1) 8.0 1 132.34

9(Clazpy) 7.17 (1) 8.0 2 130.23

8(Clazpy) 7.03 (d) 8.0 2 123.12

Quaternary carbons (C)

166.22, 157.95, 157.42, 157.90,
156.23, 156.03, 137.04

d = doublet, dd = doublet of doublet, t = tripktts triplet of triplet, m = multiplet
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The'H NMR spectrum (Figure 3.203) of [Ru(bp{Glazpy)]Ch.7H,0
complex showed 14 resonances of 24 protons becaosge resonances are
overlapping. This result indicated that three ghhds are unsymmetrical molecules
supported € symmetry. It is interesting to note that, due e asymmetry of the
complex, the protons in different positions (H3,,Hdb, H6) on different pyridine
ring (A, B, C, D) are distinguished as defined e structure. The coordination of
nitrogen on pyridine ring of Clazpy to ruthenium(hay lead to downfield shifting of
H3 signal (8.93 ppm) as well. Others protons is tompound were also studied by
using simple correlatiotH-'H COSY NMR spectroscopy (Figure 3.204).

The'*C NMR (Figure 3.205) results corresponded to th@ DEMR
(Figure 3.206) which showed only one kind of methararbons. All quaternary
carbons at 166.22, 157.95, 157.42, 157.90, 154.28,03 and 137.04 belonged to
C2, C5, C7 of Clazpy ligand and C2 of two bpy ligan Moreover, the othef$C
NMR signals assignments were based’Br**C HMQC NMR spectrum (Figure
3.207).
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Figure 3.203 *H NMR spectrum of [Ru(bpyjClazpy)]Cbh.7H,O in methanok,
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Nuclear magnetic resonance spectroscopy of [Rufpt@&Eazpy)]Cb.8H,O

The'H NMR spectrum (Figure 3.208) of
[Ru(phen)(Clazpy)]Cb.8H,O complex showed 14 resonances of 24 protons. Some
appeared to be multiple signals due to overlagsdmances. This result indicated that
three of ligands are unsymmetrical molecules. kiitawh, the first signal exhibited at
the lowest field was proton H3 (Clazpy) (8.97 ppn)pyridine ring of Clazpy ligand
which located near coordinated nitrogen on pyriding. In addition,*H-'H COSY
NMR spectrum (Figure 3.209) also turn out very hélm the accurate assignment of
proton resonance in the aromatic region. Otheropin this compound were also
studied by using this simple correlation spectrpgco

The'*C NMR (Figure 3.210) results corresponded to th@ DEMR
(Figure 3.211) which showed only one kind of methararbons. All quaternary
carbons at 166.55, 155.94, 148.27, 147.85, 141.46,84, 136.98, 133.00, 132.84,
132.28 and 132.12 belonged to C2, C5, C7 of Cldgand and C2 of two phen
ligands. Moreover, the othet3C NMR signals assignments were based'é#°C
HMQC NMR spectrum (Figure 3.212) which providedoimhation regarding the
interaction between the protons and the carbon satwmwhich they are directly
attached.
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Table 3.84 *H-1*C NMR spectroscopic data of [Ru(phg)lazpy)]Ch.8H,0

'"H NMR
position 13C NMR (CH-type)
o (ppm) J(Hz) Amount of H

3(Clazpy) 8.97 (d) 9.0 1 126.78
TA 8.95 (dd) 9.0,1.0 1 140.52
AA 8.90 (dd) 9.0,1.0 1 140.24
4B 8.83 (dd) 9.0,1.0 1 140.22
9A 8.74 (dd) 5.0,1.0 1 155.80
7B 8.54 (dd) 9.0,1.5 1 139.23
5B 8.44(d) 9.0 1 129.72
6B 8.41(d) 9.0 1 129.61

4(Clazpy) 8.40 (dd) 9.0, 2.0 1 141.44
6A 8.23 (d) 9.0 1 129.09
5A 8.11 (d) 9.0 1 129.37
2A 8.09 (t) 1.0 1 154.79
8A 8.05 (-) 5.0 1 128.16
3A 8.02 (-) 3.0 1 128.08
2B 8.00 (m) - 1 152.90

6(Clazpy) 7.97 (d) 2.0 1 149.70
9B 7.84 (d) 5.0 1 153.40
3B 7.79 (dd) 8.0, 5.0 1 127.73
8B 7.60 (dd) 8.0,5.0 1 127.50
10 7.19 (m) - 1 130.85
9,8 6.94 (d) 8.0 4 12998

122.58

Quaternary carbons (C)

166.55, 155.94, 148.27, 147.85,
147.70, 146.84, 136.98, 133.00,
132.84, 132.28, 132.12

d = doublet, dd = doublet of doublet, t = triplet: triplet
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Figure3.212 *H-*C HMQC NMR spectrum of [Ru(pheifflazpy)]Ch.8H,0 in
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3.7.2.6 Cyclic voltammetry

The electrochemical activity of [Ru(bp{lazpy)]X; and [Ru(phen)
(Clazpy)]X. (X = PR, CI) was studies in C¥N solution by cyclic voltammetry.
The result are summaried in Table 3.85 and reptaee voltammograms are
shown in Figure 3.213 to 3.216.
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Table3.85 Cyclic voltammetric data of [Ru(bpyTlazpy)]X; and [Ru(phen)
Clazpy]X (X = PFK, CI) in 0.1 M TBAH CHCN at scan rate 50 mV/s
(ferrocene as used an internal standard)

12,V
Compounds Oxidation Reduction
Ru(l/(lim) | [ I vV
[Ru(bpy)(Clazpy)](PFk)2 - -0.80 -15 | -2.01 -2.34
(90) (70) (70) (110)
[Ru(phen)(Clazpy)](Pk) - -0.81 | -1.52 | -2.0 -2.35

(75) (75) (70) (125)
[Ru(bpy)(Clazpy)]Ch.7H,O +0.86 -0.79 | -1.52 | -2.02 -2.37
(65) (70) (80) (105)
[Ru(phen)(Clazpy)]Cb.8HO +0.98 -0.80 | -1.53 | -2.02 -2.38
(85) (75) (65) (105)

%E112= (BEpa+ Epg)/2, Where E, and ¢ are anodic and cathodic peak potentials,
respectivelyAE, = Eja— Bxc

Pcathodic peak potential, V

“anodic peak potential, V

It is well-known that the electrochemical behawbruthenium(ll)
polypyridyl observed as a metal centered oxidadioth a series of ligand-centered

reduction.

Oxidation potential

The cyclic voltammogram of [Ru(bpy¥lazpy)]X; and
[Ru(phen)(Clazpy)]X; (X = PR, CI) complexes were studied in the range 0.00 to
+1.50 V. This couple cannot be observed i BBmplexes because the redox of

Ru(ID/(111) could occurred at positive potentiategter than +1.50 V which is out of
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the solvent window. Whereathe Clcomplexes show the anodic peak in this range at
+0.86, +0.98 V for [Ru(bpyClazpy)f* and [Ru(phen)Clazpy)f*, respectively.
Thus the chloride complexes could be easily toiarid

In chloride salts complexes, [Ru(bg@lazpy)f* and [Ru(phen)
(Clazpy)f*, the ancillary ligand phen of the later expands ithdelocalization and
thus decreases thedonor capacity coordination to central Ru iondieg greater -
accepting ability stabilize to Ru(ll) center. Asresult, the oxidation potential of
complex [Ru(phenjClazpy)f* is more positively.

As expected, the combination of two L ligands and Clazpy around
the Ru(ll) center, the oxidation potential of [Ri{Clazpy)](PFk). (L = bpy and
phen) was more positive than that of [Ru(kpy)Y+1.09 V) and [Ru(pheg)’* (+1.08
V). Consequently, the oxidative Ru(lll)/(Il) couptd [Ru(L)(Clazpy)](PF). (L =

bpy and phen) occurred out of solvent window ingame condition.

Reduction potential

In the range 0.00 to -2.60 V, four successive rédncesponses of
[Ru(bpyk(Clazpy)]X; and [Ru(phen)Clazpy)]X; (X = PR, CI) were observed
under similar condition. Moreover, the first redant potential of all compounds
appeared in the same range 0.79-0.81 V with sepana¢ak by 65-110 mV. The first
reduction is controlled by the ligand having thestnlmwest unoccupied molecular
orbital (LUMO) which possible characterized by theoimine function (Paét al.,
2000). It was assigned to a reduction centered lazpg, and the last reduction is
characterized of the co-ligand (bpy or phen). The group can accommodate up to

two electrons stepwise at the LUMO as in followeggation:

[[N=N-] + € > [-N=N-] + € — [-N-N-]* (3.28)

The expected reduction processes of [Ru§f¥azpy)f" are
displayed in equation 3.29 to 3.33.
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[Ru" (bpy)(bpy)(Clazpy)i* + e— [Rd'(bpy)(bpy)(Clazp§)]* (3.29)
[Ru'" (bpy)(bpy)(Clazp§)]* + e— [Rd'(bpy)(bpy)(Clazpy)]° (3.30)
[Ru' (bpy)(bpy)(Clazp¥)]° + e— [RU'(bpy)(bpy")(Clazpy?’)]™* (3.31)
[Ru'(bpy)(bpy")(Clazpy?)]™*  + e— [RU' (bpy)(bpy*)(Clazpy?)]? (3.32)
[Ru"(bpy)(bpy")(Clazpy?)]?  + &— [Rd'(bpy")(bpy")(Clazpy’)]®  (3.33)

In the case of [Ru(phesfClazpy)f*, the process also had similar
reduction behavior and reduction potential valuesthe [Ru(bpy)Clazpy)f.

Moreover, the expected four reductions was alsoilainio those of the above

complex.
5
\Y
a-
1l
3
Il
L 27 |
=
g 1
5 _—
®)
0 -
_1 1
-2 T T T T T T T T
1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 =-2.0 -2.5 -3.0
Potential (V)

Figure 3.213 Cyclic voltammogram of [Ru(bpy)Clazpy)](PFk)2 in 0.1 M TBAH
CHCN at scan rate 50 mV/s (ferrocene as an intetaatard)
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Figure 3.214 Cyclic voltammogram of [Ru(phes{Clazpy)](Pk). in 0.1 M TBAH
CHsCN at scan rate 50 mV/s (ferrocene as an intetaatard)

Current @A)

Ru(I/(11)

I I I I I
1.5 1 0.5 0 -0.5 -1 -1.5 -2 -2.5 -3

Potential (V)

Figure 3.215 Cyclic voltammogram of [Ru(bpy)Clazpy)]Cb.7H,O in 0.1 M TBAH

CH3CN at scan rate 50 mV/s (ferrocene as an intetaatard)
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Figure 3.216 Cyclic voltammogram of [Ru(phesfiClazpy)]Cbh.8H,O in 0.1 M
TBAH C¥CN at scan rate 50 mV/s (ferrocene as an internal
standard)
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3.8 DNA-binding experiment

In present work, new water-soluble complexes Rui(ll) were
prepared and successfully characterized. Theiraaten with CT-DNA was carried

out.

[Ru(Clazpy}(bpy)]Cl,..7H,O
[Ru(Clazpy}(phen)]Ch.8H,0O
[Ru(Clazpy}(azpy)]Cb.4H.0
[Ru(Clazpy}]Cl,.3H,0
[Ru(Clazpy}(bpy)](NOs)2.5H0
[Ru(Clazpy}(phen)](NQ)..3H,0
[Ru(Clazpy}(azpy)](NG;)..H0
[Ru(Clazpy}](NO3)2.5H,0
[Ru(bpyk(Clazpy)]Ch.7H,O

10 [Ru(pheny)Clazpy)]Ch.8H,O

© 00 N oo 0o B~ WN P

It should be noted that all ten new complexes wsaikated in their
racemic forms and that the DNA-binding behaviorscided below are a composite
of those of two enantiomer. The interaction of thesw complexes with DNA was
monitored by the absorption titration method, v@tgomeasurement, emission study
and electrochemical behaviors using chloride athtei salts complexes as described
previously. The absorption spectra of which in agsebuffered solutions were found
to be nearly identical to the corresponding speafitae Pk salts in CHCN.

3.8.1 Absorption spectroscopic studies

The application of electronic absorptionctpescopy in DNA-binding
studies is one of the most useful techniques (Baat@l., 1984) which can monitor
the interaction of a metal complexes and DNA. Inagal, complex bound to DNA

through intercalation resulting in hypochromism aed shift (bathochromism), due
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to the strong stacking interaction between arona@tromophore of the complex and
the base pair of DNA (Wang al., 2004).

The absorption spectra of all complexes with insirggconcentration of
calf thymus DNA were shown in 3.217 to 3.226. lihcalses, although no obvious red
shift was found, hypochromicities were observed. &ample, when the amount of
DNA was increased, a decrease of 6.42% and 6.88%hen|—[1* and MLCT
transition are found for complex [Ru(Clazgipy)]Cl..7H,O. These spectroscopic
changes suggest that there are some interactidagedre the Ru(ll) complex and
DNA. This result could explain that since DNA ispalyanion composed of two
complementary, polymeric subunit hydrogen bondegktteer in the form of right-
handed double helix, cationic binding agent of [Ragpyy(L)]** or
[Ru(L")2(Clazpy)f* (L” = bpy, phen) bind to DNA via replace its from tt@mpact
inner (stern) layer or the diffuse outer layer sunding DNA and interact with the
anionic phosphate residues of DNA (Mahadevan atahRadavar, 1998).

To compare quantitatively the affinity of the qolexes bound to CT-
DNA, the intrinsic binding constantykof all complexes with DNA were obtained by
monitoring the changes of absorbance with incrgasoncentration of DNA using
the following equation (3.34) and are listed in EaB.86.

[DNAJ/( eaer) = [DNAJ/(eo-er) + 1/[Kn(en-67)] (3.34)

where [DNA] is the concentration of DNA in baserp#ie apparent absorption
coefficientse,, & andep correspond to Aysd[Ru], the extinction coefficient for the
free ruthenium complex and in the fully bound fomespectively. In plot [DNA]A4,-
&) VS [DNA], Ky, is given by the ratio of slope to thigntercept (Nairet al., 1998).
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Table3.86 UV-Visible absorption spectroscopic data of Ru¢kbmplexes upon
addition of CT-DNA in 5 mM Tfi80 mM NaCl pH 7.1

Amax Binding
Complexes Hypochromoisrfi constant,
nm (%) Kp(M™)
[Ru(Clazpy}(bpy)]Cl.7H,0 382 6.42 (6.2+0.1) x 1d
518 6.88 (1.2+0.1) x 18
[Ru(Clazpy}(phen)]Ch.8H,O 380 6.36 (6.4+0.5) x 1d
518 6.56 (1.4+0.2) x 16
[Ru(Clazpy}(azpy)]Ch.4H,O 382 7.66 (4.6+0.5) x 1d
494 5.74 (1.1+0.1) x 16
[Ru(Clazpy}]Cl2.3H,0 384 8.96 (7.1+0.6) x 1d
491 6.17 (1.2+0.1)x 16
[Ru(Clazpy}(bpy)](NOs)..5H,0 | 381 7.38 (8.2+0.2) x 1d
518 7.56 (1.0:0.1) x 16
[Ru(Clazpy}(phen)](NQ),.3H,0 | 380 8.43 (5.5+0.7) x 1d
518 8.58 (7.4£0.6) x 1d
[Ru(Clazpy}(azpy)][(NG;)..H,O | 381 7.56 (4.5+0.7) x 14
494 6.74 (1.2+0.1) x 18
[Ru(Clazpy}](NO3)2.5H,0 384 9.21 (4.5+0.7) x 1d
490 7.42 (1.3t0.2) x 16
[Ru(bpy)(Clazpy)]Chk.7H,O 361 4.17 (6.5+0.1) x 14
449 5.52 (8.8+0.4) x 1d
[Ru(phen)(Clazpy)]Cb.8H,O 344 5.73 (1.8£0.6) x 16
498 5.27 (1.8+0.2) x 16

& Hypochromism = [ (Aee- Abound/Atred X 100 %
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The typical plot of [DNA] versus [DNA]Hx-¢;) are shown for the
titration of CT-DNA in Figure 3.217-3.226. The motere constructed according to
eg. (3.34), affording the ratio of the slope to ititercepti.e. binding constant (K.

3.8.1.1 Complexes containing the [Ru'' (Clazpy),] center

For the [Ru(Clazpy(L)]** (L = bpy, phen, azpy, Clazpy) complexes,
the extent of this effect greatly depended on thteine of the ligand attached to the
[Ru"(Clazpy}] center. This group can be divided into two padsording to the third
ligand (polypyridyl and azoimine) for discussiordastomparison.

The first part contains polypyridyl ligand as théed ligand,
[Ru(Clazpy}(bpy)** and [Ru(Clazpy(phen)f*. The interaction of the later complex
with CT-DNA is slightly greater than that of therfeer. This may be due to the
different shape and planarity of the main ligandhnk structure, the phen ligand has
more fit planarity than bpy to stack or overlaphwihe base pair of DNA resulting in
more K, values of [Ru(Clazpyfphen)f* than that of [Ru(Clazpylbpy)**. It is
concluded that the DNA-binding mode involving themplete insertion of the planar

molecule between the base pairs.

/ A

—N N

bpy phen

However, the complexes with NGalt give conversely result. It is to assume that t
NOs group employs in ionic interaction with Nan the surface of DNA may obstruct
the interaction of complexes having more hydropbitpivith CT-DNA.

In the case of [Ru(Clazpypzpy)f" and [Ru(Clazpy)?*, containing
only azoimine ligands, the binding of [Ru(Clazf)§) with DNA is grater than that of
[Ru(Clazpy)(azpy)f*. It is interesting that the Clazpy having chlorideom on
pyridine ring may be more assist them into base gaDNA than azpy resulting in

increasing of binding affinity.
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azpy Clazpy

From absorption spectroscopic data, we summatieedhteraction of
[Ru(Clazpy}]?* core center where L are azpy and Clazpy with DNgtienger than

that of those complexes where L are bpy and phen.
3.8.1.2 Complexes containing the [Ru'' (bpy),] and [Ru" (phen)]

In the case of [Ru(kjClazpy)f* (L = bpy, phen), addition of CT-DNA
to [Ru(phen)Clazpy)f* resulted in different absorption changes than
[Ru(bpyk(Clazpy)f*in UV-Visible region. The results from Table 3.86osved that
the interaction of [Ru(phes(Clazpy)f" with DNA was greater than that of
[Ru(bpyy(Clazpy)f*. In addition, the K values for [Ru(L)Clazpy)f* (L = bpy,
phen)
were more than 10 times larger than those obtaifmd [Ru(bpy)]?* and
[Ru(phen)]?*. Thus the presence of the Clazpy ligand had an teffedncrease
affinity toward the CT-DNA. Moreover, the steridénaction between nonintercalated
(ancillary ligand) two ligands and the outer regi@nDNA is expected to have a
prominent effect (Naingt al., 1995). We summarized related structures of mgil
ligand bpy and phen in Table 3.87.
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Table 3.87 Electronic absorption spectral data upon additioG ©-DNA

Complexes K Kind of interaction
[Ru(bpy)]** - electrostatic
interaction
(Yanget al., 1997)
[Ru(bpyk(NMIP)]** 1.15+0.5x1d | Partial intercalation
(NMIP = 2-(2"-nitro-3' 4"-methylenedioxy (Tan and Chao, 2007
phenyl)imidazo-[45-f][1,10]-phenanthroline)
[Ru(bpyx(dpa)f* 59x 10 | Intercalation
(dpq = dipyrido[3,2d:2,3-flquinoxaline) (Hanet al., 2004)
[Ru(bpy(dppz)f* 49x 16 | Intercalation
(dppz = dipyridophenazine) (Liu et al., 1999)
[Ru(bpyy(MPPIP)f* 4.11x 10 | Intercalation
MPPIP = 2-(3phenoxyphenyl)imidazo[4,5-f] (Tanet al., 2007)
[1,10]phenanthroline)
[Ru(bpyx(BPIP)}* 2.97 x 16 | Intercalation
BPIP = 2-(4benzyloxyphenyl)imidazo[4,5-f]- (Tanet al., 2007)
[1,10]phenanthroline)
[Ru(bpyk(BPIP)F* 7.1x 14 | Intercalation
BPIP = 2-(4biphenyl)imidazo[4,5-f][1,10] (Tanetal., 2007)
phenanthroline)
[Ru(phen)]** 55x 10 | Intercalation
(Pyleet al., 1989)
[Ru(phen)(NMIP)]** 2.1+0.3 x 14 | Partial intercalation
(NMIP = 2-(2"-nitro-3' 4"-methylenedioxy (Tanet al., 2005)
phenyl)imidazo-[45-f][1,10]-phenanthroline)
[Ru(phen)(dppz)f* > 10° Intercalation

(Friedmanret al.,
1990)
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Table 3.87 (continued)

Complexes K Kind of interaction
[Ru(phen)(MPPIP)f* 6.08 x 10 | Intercalation
MPPIP = 2-(3phenoxyphenyl)imidazo[4,5-f]- (Tanet al., 2007)
[1,10]phenanthroline)

[Ru(phen)(BPIP)F* 3.96 x 16 | Intercalation

BPIP = 2-(4benzyloxyphenyl)imidazo[4,5-f]+ (Tanet al., 2007)

[1,10]phenanthroline)

[Ru(phen)(BPIP)F* 1.7x 16 | Intercalation

BPIP = 2-(4biphenyl)imidazo[4,5-f][1,10] (Tanet al., 2007)

phenanthroline)

EB 1.4x 16 | Intercalation
(Gaoet al., 2006)

Interestingly, some complexes (Table 3.87) comai three or four
fused rings have no such interaction and they lkehas good intercalator.
Additionally, when one of the bpy and phen in [RL(L = bpy, phen) was replaced
with a ligand with more extended fused rings sushdapz or phi, the steric
interaction can be reduced by this substation. I8ityj the planar of azopyridine ring
of the Clazpy ligand in complexes may also havee#iact to the DNA-binding
affinity.

In addition, to further exploring the ancillary digd effect to the DNA-
binding affinity, the bpy and phen ligands are @m® describe in distinquishing the
small differences of interaction of the complex&éhe spectrophotometric data of

three complexes was listed in Table 3.88.
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Table 3.88 Different ancillary ligand effect to interactiontiv CT-DNA

Complexes Amax Binding C(_)lnstant,

nm | Hypochromoish(%) Kp(M™)

[Ru(bpy)2(Clazpy)]Cb.7H,O 361 4.17 (6.5+0.1) x 1d
449 5.52 (8.8+0.4) x 1d

[Ru(phen,(Clazpy)]Ch.8H,0 344 5.73 (1.8t0.6) x 16
498 5.27 (1.8+0.2) x 16

[Ru(Clazpy(Clazpy)]Ch-3H,0 | 384 8.96 (7.10.6) x 1d
491 6.17 (1.240.1)x 1C

This trend may be explained that the plane arehhgydrophobicity

increase leading to greater binding affinity to DN&omparison further of that

ancillary ligand with Clazpy, its result shows thiie DNA-binding affinity of

ancillary Clazpy ligand is greater than that of Iy less than phen in order to:

[Ru(phen(Clazpy)f* > [Ru(Clazpy)(Clazpy)f" > [Ru(bpy}(Clazpy)f "

These results supported that the size and shape ancillary ligand had a significant

effect on the strength on DNA binding, and the mastable intercalating ligand

leaded to the highest affinity of complexes with ®{Gaoet al., 2006).
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Figure 3.217 Absorption spectra of [Ru(Clazphpy)]CL.7H,O in 5 mM Tris/ 50
mM NaCl buffer pH 7.1 upon addition of calf thym@NA. [Ru] = 4 x 10* M,
[DNA] = (0-30) x 10° M. Arrows show the absorbance changing upon ingrgas
DNA concentrations. Inset plots of [DNAJ4es) versus [DNA] for the titration of
DNA with the complex.
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Figure 3.218 Absorption spectra of [Ru(Clazpyphen)]Ch.8H,0 in 5 mM Tris/ 50
mM NaCl buffer pH 7.1 upon addition of calf thym@NA. [Ru] = 4 x 10* M,
[DNA] = (0-30) x 10° M. Arrows show the absorbance changing upon ingrgas
DNA concentrations. Inset plots of [DNAJ4es) versus [DNA] for the titration of
DNA with the complex.
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Figure 3.219 Absorption spectra of [Ru(Clazpyazpy)]Cb.4H,O in 5 mM Tris/ 50
mM NaCl buffer pH 7.1 upon addition of calf thym@NA. [Ru] = 4 x 10* M,
[DNA] = (0-30) x 10° M. Arrows show the absorbance changing upon ingrgas
DNA concentrations. Inset plots of [DNAJ4es) versus [DNA] for the titration of
DNA with the complex.
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Figure 3.220 Absorption spectra of [Ru(Clazpyl,.3H,O in 5 mM Tris/ 50 mM
NaCl buffer pH 7.1 upon addition of calf thymus DNJRu] = 4 x 10*M, [DNA] =
(0-30) x 10° M. Arrows show the absorbance changing upon inarga®NA
concentrations. Inset plots of [DNAgdite;) versus [DNA] for the titration of DNA

with the complex.
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Figure 3.221 Absorption spectra of [Ru(Clazpgpy)](NOs)2.5H,0 in 5 mM Tris/
50 mM NaCl buffer pH 7.1 upon addition of calf thys\DNA. [Ru] = 4 x 1d M,
[DNA] = (0-30) x 10° M. Arrows show the absorbance changing upon ingrgas
DNA concentrations. Inset plots of [DNA4es) versus [DNA] for the titration of
DNA with the complex.
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Figure 3.222 Absorption spectra of [Ru(Clazpgphen)](NQ)2.3H,0 in 5 mM Tris/
50 mM NaCl buffer pH 7.1 upon addition of calf thys\DNA. [Ru] = 4 x 1d M,
[DNA] = (0-30) x 10° M. Arrows show the absorbance changing upon ingrgas
DNA concentrations. Inset plots of [DNA4es) versus [DNA] for the titration of
DNA with the complex.
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Figure 3.223 Absorption spectra of [Ru(Clazp@zpy)|(NG)2.H0 in 5 mM Tris/
50 mM NaCl buffer pH 7.1 upon addition of calf thys\DNA. [Ru] = 4 x 1d M,
[DNA] = (0-30) x 10° M. Arrows show the absorbance changing upon ingrgas
DNA concentrations. Inset plots of [DNA4es) versus [DNA] for the titration of
DNA with the complex.
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Figure 3.224 Absorption spectra of [Ru(ClazpyNO3),.3H,O in 5 mM Tris/ 50
mM NaCl buffer pH 7.1 upon addition of calf thym@NA. [Ru] = 4 x 10* M,
[DNA] = (0-30) x 10° M. Arrows show the absorbance changing upon ingrgas
DNA concentrations. Inset plots of [DNA4es) versus [DNA] for the titration of
DNA with the complex.
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Figure 3.225 Absorption spectra of [Ru(bp¢Clazpy)]Cb.7H,O in 5 mM Tris/ 50
mM NaCl buffer pH 7.1 upon addition of calf thym@NA. [Ru] = 4 x 10* M,
[DNA] = (0-30) x 10° M. Arrows show the absorbance changing upon ingrgas
DNA concentrations. Inset plots of [DNA4es) versus [DNA] for the titration of
DNA with the complex.
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Figure 3.226 Absorption spectra of [Ru(phexClazpy)]Cb.8H,0O in 5 mM Tris/ 50
mM NaCl buffer pH 7.1 upon addition of calf thym@NA. [Ru] = 4 x 10* M,
[DNA] = (0-30) x 10° M. Arrows show the absorbance changing upon ingrgas
DNA concentrations. Inset plots of [DNA4es) versus [DNA] for the titration of
DNA with the complex.
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3.8.2 Viscosity measurement

To further explore the binding modes of @mmplexes, viscosity
measurements were carried out on CT-DNA bound tgimg concentration of the
added complexes. The lengthening of DNA occurreerwBNA base pairs separate
to accommodate the aromatic chromophore of the ddigands. Intercalation is
expected to lengthen the DNA helix leading to arease in the DNA viscosity. In
contrast, a partial or non-classical intercalabigand, it could blend (or kink) the
DNA helix which was reduced its effective lengthdats viscosity. In present work,
we examined the effect on the specific relativeasity of DNA upon addition of the
complexes by measuring of the flow rate of DNA $iolu through a viscometer.

In this work, the effect of [Ru(Clzpy(L)](X 2) (L = bpy, phen, azpy,
Clazpy; X = Cl, NO;) complexes together with [Ru(phe}ij and EB on viscosity of
CT-DNA are shown in Figure 3.227-3.231. As expecteB increases the relative
specific viscosity for the lengthening of the DNAouble helix resulting from
intercalation. On increasing the amount of [Ru(@iazbpy)[**, the relative viscosity
of DNA initially increased and decreased later. igEinbehavior has been observed on
the addition of [Ru(Clazpyjphen)f", [Ru(Clazpy}(azpy)fand [Ru(Clazpy)** to
CT-DNA. Since the DNA-binding affinity of the presecomplexes is less than
observed in an intercalator like EB, the mode aflng is partial intercalation.

In the previous work, there are reported thatastléwvo hypothesized
about phases of binding for complexes was occuifbd.hydrophobic interaction of
[Ru(Clazpy}(L)]?* (L = bpy, phen, azpy, Clazpy) with DNA occurredsfirwhich is
followed by the bridging of duplexes involving dhe ligand. In fact, at higher
concentrations of the complex, DNA gets precipdat8imilar lowering of viscosity
and precipitation at higher concentrations has beported previously (Seht al.,
2005).

In the case of [Ru(bpy(Clazpy)f* and [Ru(phen)Clazpy)f*,
similarly trend that observed in [Ru(Clazg$))]?* by readily first increasing but then
decreasing later. They could bind to DNA by thetiphintercalation via the flexible
Clazpy ligand into the base pairs of DNA supportiygthe ancillary ligand bpy and
phen. This may be related to the molecular strecvfithe complex.
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Figure 3.227 Effect of increasing amount of [Ru(Clazgippy)]CL.7H,O and
[Ru(Clazpy}(phen)]Cb.8H,O compared with EB and [Ru(phe}§l..7H,O on the
relative viscosity of calf thymus DNA at 29:Q.5) °C. The total concentration of
DNA is 0.3 mM
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Figure 3.228 Effect of increasing amount of [Ru(Clazg®@zpy)]Cbh.4H,O and
[Ru(Clazpy}]Cl,.3H,O compared with EB and [Ru(pheg}§l,.7H,O on the relative
viscosity of calf thymus DNA at 290.5) °C. The total concentration of DNA is 0.3
mM
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Figure 3.229 Effect of increasing amount of [Ru(Clazgipy)](NOs)..5H,O and
[Ru(Clazpy}(phen)](NQ)..3H,O compared with EB and [Ru(phe}§l..7H,O on the
relative viscosity of calf thymus DNA at 291.5) °C. The total concentration of DNA
is 0.3 mM
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Figure 3.230 Effect of increasing amount of [Ru(Clazg@zpy)](NG;)..H.O and
[Ru(Clazpy}](NO3)..3H,O compared with EB and [Ru(phe}§l..7H,O on the
relative viscosity of calf thymus DNA at 291.5) °C. The total concentration of DNA
is 0.3 mM
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Figure 3.231 Effect of increasing amount of [Ru(bp{¢lazpy)]Ch.7H,O and
[Ru(phen)(Clazpy)]Cb.8H,O compared with EB and [Ru(phe}§l..7H,O on the
relative viscosity of calf thymus DNA at 291.5) °C. The total concentration of DNA
is 0.3 mM
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3.8.3 Fluorescence quenching studies

Since water-soluble Ru(ll) complexese non-emissive both in the
presence and absence of CT-DNA at room temperathee,binding of Ru(ll)
complexes and DNA cannot be directly presentedher émission spectraAs we
known, ethidium bromide (EB) emit intense fluoresme light in the presence of
DNA, due to its strong intercalation between thpeght DNA base pair (Tast al.,
2007). Thus, competitive binding studies using &b6und to DNA was carried out
for these complexes. The quenching extent of flemaace of EB binding to DNA is
used to determine the extent the binding of thersgenolecule to DNA. Binding of
the complex resulted in the displacement of DNA riblEB molecule with a
reduction of emission intensity due to fluorescegqoenching of free EB by water
(Ghoshet al., 2006). According to the classical Stern-Volmguation (Wangget al,
2004) :

lo/l =1+ Kr (3.35)

Where } and | are the fluorescence intensities in the mtsend the presence of
complex, respectively. K is the Stren-Volmer constaf quenching on the ratio ofer
(the ratio of the bound concentration of EB to ¢bacentration DNA). r is the ratio of
the total concentration of complex to that of DNA.

In this work, the fluorescence quenching curveEBfoound to DNA
by the Ru(ll) complexes and a plot of ruthenium@®mplexes caused fluorescence
guenching of EB-DNA complex are shown in Figure32-3.236. From data, we can
see that the addition of these complexes to DNArgated EB caused appreciable
reduction in the emission intensity.

The quenching plot illustrate that the quenchingBfbound to DNA
by all complexes are in good agreement with theainStren-Volmer equation (eq
3.35) which also indicates that all of complexesdiio DNA. In the plot of JI versus
[complex]/[DNA], K is given by the ratio of the gle to intercept. The K values for

[Ru(Clazpyy(L)]*" (L = bpy, phen, azpy, Clazpy), [Ru(bp{@lazpy)f* and
[Ru(phen)(Clazpy)f* are listed in Table 3.89. The R values of theiedinfit plot of

I/l versus [complex]/[DNA] are also listed. When fhxesent complexes were added
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to CT-DNA incubated with EB, the emission of EBgsenched by all complexes.

These data is consistent with the above absorppentral results.

Table3.89 Fluorescence quenching values of complexes

Complexes Kvalues (%) R?
[Ru(Clazpy}(bpy)]Cl.7H,O 8.47 (13.55) 0.9988
[Ru(Clazpy}(phen)]Ch.8H,O 8.14 (13.65) 0.9900
[Ru(Clazpy}(azpy)]Ch.4H,O 8.12 (13.26) 0.9930
[Ru(Clazpy}]Cl,.3H,0O 9.66 (15.49) 0.9983
[Ru(bpy)(Clazpy)]Cb.7H,O 7.28 (10.19) 0.9910
[Ru(phen)(Clazpy)]Cb.8H,O 8.16 (11.98) 0.9905
[Ru(Clazpy}(bpy)](NOs),.5H,0 10.33 (13.37) 0.9985
[Ru(Clazpy}(phen)](NQ),.3H,0O 8.00 (13.94) 0.9920
[Ru(Clazpy}(azpy)](NGs)2.HO 8.77 (13.80) 0.9956
[Ru(Clazpy}](NO3),.5H,0 9.09 (14.76) 0.9966

#the amount of decreasing in emission intensity

In the case of [Ru(bpx)Clazpy)]Cb.7H,O and
[Ru(phen)(Clazpy)]Cb.8H,0, the K value were 7.28 and 8.16 correspondirtged®
values as 0.9910 and 0.9905, respectively. The slajgested that the interaction of
[Ru(phen)(Clazpy)f* with DNA was stronger than that [Ru(bpi@lazpy)f*, which
was consistent with the above absorption specgallts.
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Figure 3.232 (a) Fluorescence quenching curve of EB boundNé\ [n the absence
and presence of [Ru(Clazpfhpy)]CL.7H,O and [Ru(Clazpy|phen)]C}.8H,0,

[EB] = 2.0 M, [DNA] = 40 M, [Ru] = 0, 0.1, 0.3, 0.6M; (b) in the plot of
[Ru(Clazpy}(bpy)]CL.7H,O and [Ru(Clazpyphen)]Cb.8H,O of I/l versus
[RUu)/[DNA] =0 - 0.02.
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Figure 3.233 (a) Fluorescence quenching curve of EB boundNé\ [n the absence
and presence of [Ru(Clazp{gzpy)]Cb.4H,0O and [Ru(Clazpy]Cl,.3H,0O, [EB] =
2.0 uM, [DNA] = 40 @M, [Ru] = O, 0.1, 0.3, 0.6uM; (b) in the plot of
[Ru(Clazpy}(azpy)]Ch.4H,0O and [Ru(Clazpy]Cl,.3H,0O of I/l versus [Ru]/[DNA]
=0-0.02.
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Figure 3.234 (a) Fluorescence quenching curve of EB boundNé\ [n the absence
and presence of [Ru(Clazpfdpy)](NOs)..5H,O0 and [Ru(Clazpy(phen)]
(NOs)2.3H,0 , [EB] = 2.0u4M, [DNA] = 40 uM, [Ru] =0, 0.1, 0.3, 0.&M; (b) in the
plot of [Ru(Clazpy)(bpy)](NOs)2.5H,0 and [Ru(Clazpygfphen)](NQ)..3H,0 of 1/l
versus [Ru])/[DNA] =0 - 0.02.
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Figure 3.235 (a) Fluorescence quenching curve of EB boundNé\ [n the absence
and presence of [Ru(Clazp@zpy)](NG)2.H,O and [Ru(Clazpyg)(NO3)..5H,0

[EB] = 2.0 uM, [DNA] = 40 @M, [Ru] = 0, 0.1, 0.3, 0.M; (b) in the plot of
[Ru(Clazpy}(azpy)](NG)2.5H,O0 and [Ru(Clazpg](NO3)..5H,O of I/l versus
[RUu)/[DNA] =0 - 0.02.
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Figure 3.236 (a) Fluorescence quenching curve of EB boundNé\ [n the absence
and presence of [Ru(bp{&lazpy)]Cb.7H,O and [Ru(phenjClazpy)]Cb.8H.,0 ,

[EB] = 2.0 M, [DNA] = 40 M, [Ru] = 0, 0.1, 0.3, 0.6M; (b) in the plot of
[Ru(bpyk(Clazpy)]Cb.7H,O and [Ru(phenjClazpy)]Ch.8H,O of I/l versus
[RUu)/[DNA] =0 - 0.02.
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3.8.4 Electrochemical studies

Cyclic voltammetric (CV) technique has been emptbtgestudy the
interaction of the redox active Ru(ll) complexeshADNA in order to further verify
the DNA-binding modes assessed from the above rgppentd viscosmeter studies.
The cyclic voltammetric results of these complekeshe absence and presence of
DNA in a mixture of DMSO and 5 mM Tris/50 mM NaQlfer (pH 7.2) are given in
Table 3.90. These data in the absence of DNA fedittire reduction of +3 to +2 form
at a cathodic peak potential (Waet@l., 2004).

In this work, the presence of CT-DNA in tbalution (R = 5) at the
same concentration of these complexes caused adewaide decrease in the
voltammetric current. In addition, the peak potainttp and Ep, as well as E, were
shifted to more positive value. The drop of voltaetrit currents in the presence of
CT-DNA can be attributed to the diffusion of thetalecomplex bound to the large,
slowly diffusing DNA molecule (Wangt al., 2004) or due to diffusion of an
equilibrium mixture of free and DNA-bound metal qolex to the electrode surface
(Arjmand et al., 2005). The results parallel to the above spsctpic and viscosity

data of these complexes in the presence of DNA.
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Table3.90 Cyclic voltammetric behavidor the Ru(ll) complexes on interaction

with CT-DNA
Complexes Rl E Epc iz | AE, | Koo/Kss
(V) (V) V) | (mv) | (R=0)
[Ru(Clazpy}(bpy)]Cl.7H,O 0 [-0.397 | -0.465 | -0.431 68 1.66
5 |-0.378 | -0.458 | -0.418 80
[Ru(Clazpy)(phen)]C}h.8H,0O 0 |-0.426 | -0.496 | -0.461 70 6.16
5 [-0.381 | -0.447 | -0.414 66
[Ru(Clazpy)(azpy)]Cb.4H,0 0 |-0.351|-0.409 | - - -
5 | -0.308 | -0.356 - -
[Ru(Clazpy}]Cl,.3H,0 0 |-0.237 | -0.293 - - -
5 |-0.232 | -0.288 - -
[Ru(Clazpy}(bpy)](NGs)..5H,0 0 |-0.555|-0.605 | -0.579 48 64.64
5 |-0.443 | -0.501 | -0.472 58
[Ru(Clazpy)}(phen)](NQ)..3H,O | 0 |-0.398 | -0.468 | -0.433 70 1.36
5 |-0.380 | -0.470 | -0.425 | 110
[Ru(Clazpy)(azpy)l(NQ)..H.O | 0 |-0.329 |-0.455| - - -
5 [-0.287 | -0.425 - -
[Ru(bpy)(Clazpy)]Cb.7H,O 0 |-0.633|-0.821 |-0.727 | 188 1.08
5 |-0.659 | -0.791 | -0.725 | 132
[Ru(phen)(Clazpy)]Cb.8H,0O 0 |-0.664 | -0.800 | -0.732 | 136 3.48
5 |-0.618 | -0.782 | -0.700 | 164

2 measured versus ferrocene, using glassy carbomagle, scan rats0 mV s';

supporting electrolyte 5 mM Tris base/ 50 mM Na@implex concentration = 5 x

10*M; R = [DNA]/[Ru]
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To elucidate the binding mechanism involving th€lRuor Ru(ll)
forms of complex to CT-DNA (Scheme 1), the nettsinifE;,can be used to estimate

the ratio of equilibrium constants, . K. by the following equation.
E% - E%' = 0.0591 log (K./K3.) (3.36)

where B/ and E/ are the formal potentials of the redox couplehie PNA bound
and free form, respectively. It has been used timate the ratio of binding constant
of the Ru(ll) form and Ru(lll) form to DNAVaidyanathan and Nair, 2003)he ratio
of binding constants of +2 and +3 species was niwaa 1, suggesting that Ru(ll)
form interact with DNA is greater than Ru(lll) (she I). For example, -13 mV shift
in the Ru(lll)/Ru(ll) potential on binding of th&[(Clazpy)(bpy)]CkL.7H,O complex
to DNA is indicative of the fact that the Ru(ll)ag¢ of the complex is more easily
reducible upon binding to DNA compared to the famanplex. Treatment of the
electrochemical data gave a value of 1.66 farKsuggesting that this complex is
binding to DNA in the ruthenium(ll) state.

Rul,L"3  + 6 =——=  RulLL"* E%/
K3+ |§+

RulLL"3*DNA + ¢ <—= Rul’,L"?*- DNA E%/

Scheme 1l
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[Ru(Clazpy)(bpy)]CL,.7H,O
h — complex only
— s T e complex+DNA
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U -0.5
Potential (V)
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Figure 3.237 Cyclic voltammogram of 0.5 mM [Ru(Clazppy)]Cl.7H,O and
[Ru(Clazpy}(phen)]Cb.8H,O in the absence and presence of 2.5 mM DNA.

Supporting electrolyte, 5 mM Tris base/50 mM Naghi 7.2 (HO:DMSO 100:5),
[DNA]/[Ru] = 5, scan rate 50 mV/s
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[Ru(Clazpy)(azpy)]CL.4H,0O

2.0
1o — complex only
— N s> [ I complex+DNA
é( 0.0
E -1.0
o
5 -2.0
)
-3.0
-4.0 T
0.1 0.0 -0.1 -0.2 -0.3 -0.4 -0.5 -0.6
Potential (V)
[Ru(Clazpy)}|Cl,.3H,0
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— complex only
w1 N e complex+DNA
§( 0.5
< -0.5
o
5 -1.5
©)
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-3.5

0.2 -0.1 -0.3 -0.5

Potential (V)

Figure 3.238 Cyclic voltammogram of 0.5 mM [Ru(Clazptazpy)]Cb.4H,O and
[Ru(Clazpy}]Cl,.3H,0 in the absence and presence of 2.5 mM DNA. Stipgor

electrolyte, 5 mM Tris base/50 mM NaCl, pH 7.2@-DMSO 100:5), [DNA]/[Ru] =
5, scan rate 50 mV/s
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[Ru(bpy)(Clazpy)]Ch.7H,O
21
16- — complex only
— - I\ e complex+DNA
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o
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O -04
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00 -03 -06 -09 -1.2
Potential (V)
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15
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Figure 3.239 Cyclic voltammogram of 0.5 mM [Ru(bpyTlazpy)]Cb.7H,O and
[Ru(phen)(Clazpy)]CL.8H,O in the absence and presence of 2.5 mM DNA.

Supporting electrolyte, 5 mM Tris base/50 mM NagHi 7.2 (HO:DMSO 100:5),
[DNA]J/[Ru] = 5, scan rate 50 mV/s
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[Ru(Clazpy)}(bpy)I(NO,),.5H,0
1.3
a8 — complex only
e R A T R complex+DNA
é( a3
=
o -a2
5
@) -a7
-12
-a2 -a4 -06 -a8
Potential (V)
[Ru(Clazpy)(phen)](NQ),.3H,0
12
- — complex only
08 | N L complex+DNA
§< 04
=
Clt.) 0.0
S
) 04 ]
-08
00 -01 -02 -0.3 -04 -05 -06
Potential (V)

Figure 3.240 Cyclic voltammogram of 0.5 mM [Ru(Clazpghpy)](NOs)..5H,0 and
[Ru(Clazpy}(phen)](NQ)..3H,O in the absence and presence of 2.5 mM DNA.

Supporting electrolyte, 5 mM Tris base/50 mM NagHi 7.2 (HO:DMSO 100:5),
[DNA]/[Ru] = 5, scan rate 50 mV/s
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[Ru(Clazpy)(azpy)l(NG,),.H,O

— complex only
------ complex+DNA

Current @A)

0.1 -0.1 -0.3 -0.5 -0.7

Potential (V)

Figure 3.241 Cyclic voltammogram of 0.5 mM [Ru(Clazp{gzpy)](NG)2.H20 in
the absence and presence of 2.5 mM DNA. Suppoeteajrolyte, 5 mM Tris base/50
mM NacCl, pH 7.2 (HO:DMSO 100:5), [DNA]/[Ru] = 5, scan rate 50 mV/s



324

3.9 Cytotoxicity test

The cytotoxicity of the ruthenium complexes tedtethis work can be
compared with the known compound, cisplatin. Th®toxicity has been evaluated
by means of Igyvalues (the concentration of the drug requirechtohit cell growth
by 50%) in the human three cancer cell lines i.eal @uman epidermal carcinoma
(Anti-NCI-H187), breast cancer (BC), small cell qunancer (KB). The I§; values
corresponding to cisplatin are summarized in Ta34.

Table3.91 ICspvalues inug/mL (M) of Clazpy and its complexes against a series

of tumor cell lines

Compounds Anti-NCI-H187 BC KB

IC,, (ug/ml) | 1IC, (M) | IC,, (ug/ml) | 1C, (M) | IC, (pg/ml) | IC_, (M)
cisplatin inactive inactive inactive inactive inactive inactive
Clazpy 751 3453 inactive inactive inactive inactive
¥[Ru(Clazpy),Cl.] 7.65 12.59 184 30.29 inactive inactive
a-[Ru(Clazpy),Cl,] 5.7 9.38 12.67 20.86 inactive inactive
B[Ru(Clazpy),Cl,] 0.671 1.10 12 1.98 1.46 240
[Ru(Clazpy)(dmazpy)Cl,] inactive inactive inactive inactive inactive inactive
[Ru(Clazpy),bpy](PFy), 5.466 5.56 8.95 9.11 352 358
[Ru(Clazpy),phen](PF,), 3.542 352 7.37 7.32 1.82 1.81
[Ru(Clazpy),azpy](PF,), 0.694 0.69 1.84 1.82 1.68 1.66
[Ru(Clazpy).](PFy), 0.286 0.27 0.73 0.70 0.886 0.85
[Ru(Clazpy),bpyl(NO,),.5H,0 5.847 6.45 7.13 7.86 3.29 3.63
[Ru(Clazpy),phen](NO,),.3H,0 2.799 313 3.86 431 2.18 2.44
[Ru(Clazpy),azpy](NO,),H,0 0.669 0.76 1.93 2.19 1.52 1.73
[Ru(Clazpy),](NO,),5H,0 0.449 0.46 0.695 0.72 0.693 0.72
[Ru(Clazpy),bpy]Cl,.7H,0 5.477 6.16 7.85 8.82 3.09 347
[Ru(Clazpy),phen]Cl,.8H,0 25 2.68 4.88 5.24 2.23 2.39
[Ru(Clazpy),azpy]Cl,.4H,0 0.614 0.71 1.66 1.92 1.76 2.04
[Ru(Clazpy),]Cl,.3H,0 0.195 0.22 0.685 0.78 0.753 0.86
[Ru(bpy),Clazpy](PF,), inactive inactive inactive inactive inactive inactive
[Ru(phen),Clazpy](PFy), inactive inactive inactive inactive inactive inactive
[Ru(bpy).Clazpy]Cl,.7H,0 inactive inactive inactive inactive inactive inactive
[Ru(phen),Clazpy]Cl,.8H,0 inactive inactive inactive inactive inactive inactive

* ICs0(ug/mL) interpretation
> 20 Inactive; 10-20 Weakly active; 5-10 Moderatatyive; < 5 Strongly active
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The cytotoxicity data of all complexes comparechwitell-known
compound cisplatin, in a series of human tumor logdls, are listed in Table 3.91. As
reported earlier (Veldeet al., 2000), thectc- or a-[Ru(azpy}Cl;] shows a very
pronounced cytotoxicity, higher than that of cisipleand others isomers in all cell
line.

From Table 3.91, it is indicated that although @azpy ligand
showed only active in Anti-NCI-H187 cell line, biis complexes, [Ru(ClazpGly]
showed a moderate to strongly active for all celed. On the other hand, the
[Ru(Clazpy)(5dmazpy)G] complex showed no effect to cancer cell linessThsult
is similar to the data of [Ru(azpy)(bpy}Cwhich displayed less cytotoxic activity
than the parent compoundic-[Ru(azpy}Cl,] (Hotze et al, 2004). It can be
summarized that the two ancillary ligands (Clazpyappy) in the complexes has an
effect to cytotoxic activity in cancer cell linesoreover, replacing two chloro
ligands in the precursor complest¢-[Ru(Clazpy}Cl;] give risethe ionic compounds
of [Ru(Clazpy}(L)]X2 (L = bpy, phen, azpy, Clazpy; X = PFNOs, CI) which
showed higher cytotoxic activity thactc-[Ru(Clazpy}Cl,], especially tris-chelate
complexes [Ru(Clazpy)X, (X = PR, NOs, CI'). Therefore, it is concluded that

(1) only a Clazpy ligand has slightly effect to humamor cell lines
(2) in three dimensional structure of ruthenium(ll) qoex with Clazpy,

[Ru(Clazpy)Cl;] play an interesting role to different kind of icihes

with different activity like the previous report€dfelder et al., 2000;

Hotzeet al., 2004; Haatnoatt al., 2004)

3) replacing a Clazpy ligand with 5dmazpy oic-[Ru(Clazpy}Cly]
having no effect to cancer cell lines

(4)  the [Ru(ClazpyXL)]** (L = bpy, phen, azpy, Clazpy) complexes
showed higher cytotoxic activity for cancer cefids than the parent
compounds¢tc-[Ru(Clazpy}Cl;] in absence of chloro ligands

(5) the different salts of RE NOs, CI, [Ru(Clazpy}(L)]** complexes
have no effect for the cytotoxic activity with siarity of ICsgvalues.

However, PE complexes are water- insoluble and ;N\€bmplexes is

highly toxic in cell (Wong and Giandomenico, 1999hus, Ci
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complexes are suitable for further studying in pblggjical condition
in the future

(6) on the other hand, if bpy and phen as an angiligand in
[Ru(L)2(Clazpy)F* (L = bpy and phen), they showed no effect to

cancer cell lines although having a Clazpy ligand

In addition, the cytotoxic ruthenium(ll) complexeere tested further

with Vero cells and the results are listed Tab823.

Table3.92 ICspvalues inCig/mL ([IM) of some ruthenium(ll) complexes against a

vero cell
Cytotoxicity
Compounds

IC, mg/mL IC,, MM
[Ru(Clazpy)(bpy)I(PF), >50 > 50.89
[Ru(Clazpy)(phen)](PF), > 50 > 49.68
[Ru(Clazpy)(azpy)](PF), 19.39 19.21
[Ru(Clazpy)l(PF), 1.38 1.32
[Ru(Clazpy)(bpy)I(NG,),.5H,0 > 50 >55.15
[Ru(Clazpy)(phen)](NQ),.3H,0 >50 > 55.89
[Ru(Clazpy)(azpy)](NQ)2.H,0 15.84 18.01
[Ru(Clazpy)](NO,),.5H,0 2.95 3.05
[Ru(Clazpy)(bpy)]Cl,.7H,O > 50 > 56.21
[Ru(Clazpy)(phen)]CL.8H,0 >50 > 53.67
[Ru(Clazpy)(azpy)]CL.4H,O 22.13 25.66
[Ru(Clazpy)]Cl,.3H,0 2.44 2.78
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From data, the complexes of [Ru(Claz}¥/)(L = bpy and phen) has
no side effect to normal cell in contrast to thenptexes as L are azpy and Clazpy
which show a very toxic in normal cell.

It is summarized that the influence of cytotoxitivaty of these series
of compounds depend on structural differences siscisomeric structuresx(and g
backbones) and variation of ligands around metatete However, the reason of all
factors having influence of the activity of thesempounds is not yet far from
understood, and more in vitro and in vivo studies meeded in the search for
structure-activity relationships for these kindtbé isomeric [Ru(L)Cl,] complexes

and ionic [Ru(LL"J?" in the future further.
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CHAPTER 4
CONCLUSION

In this work the syntheses and characterizatigdh@hew bidentate
azoimine ligand 5-Chloro-2-(phenylazo)pyridine olafpy and the corresponding
three isomeric ruthenium(ll) compounds, [Ru(Clazf¥g] have been described. The
structure of such ligand is similar to, a gooéicceptor, 2-(phenylazo)pyridine or
azpy but the hydrogen atom at the fifth position pymidine ring is replaced by
electronegativity chorine atom. All isomers haverm®btained pure and have been
confirmed structure by X-ray Crystallography. Thesult from IR and X-ray data
supported that the Clazpy ligand is strongedonor properties than azpy and
comparable a-acceptor properties to azpy. In addition, the mkgeoimine ligand,
[Ru(Clazpy)(5dmazpy)G] (5dmazpy = 5N,N-dimethyl-2-(phenylazo)pyridineyvas
observed in during isomerization process by addhiébmination mechanism on a
pyridine ring and its structure can be also supgdseX-ray diffraction analysis. It is
noting that results from X-ray data of the Clazjgghd have alsqg betterr-acceptor
properties than the 5dmazpy ligand within the sanwdecule corresponding to IR
data that described previously. The electrochentieabvior showed the most stable
compound igis-form of ctc-[Ru(Clazpy)Cl;).

Variation of bidentate ligands in [Ru(Clazpi)](X) 2 (L = bpy, phen,
azpy, Clazpy; X = P& NO;, CI) afforded from the reaction betweestic-
[Ru(Clazpy}Cl,] and L in ethanol give interesting chemical praesrdiffered from
the parent complex. Results from spectroscopic dath electrochemical studies
showed that the increasing chelate ligandmaolecule of tris and mixed-ligand
complexes the compounds more stable are. It wasdftliat although the different
salts have no effected to theaccepting ability of ligands, the stability deperah the
potential value of Ru(ll)/(Ill) couple. The chlde complexes were sensitively or
easily oxidized compared to nitrate and hexaflubogphate complexes. A changing
pure form with impurity in a few weeks of chloridalts complexes supported their
CV data.
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The interaction between water-soluble compoundsy@iRazpy(L)]
(X)2 (L = bpy, phen, azpy, Clazpy; X = NOCI') and [Ru(L}(Clazpy)]Cb.xH,O (L =
bpy, phen) with CT-DNA were investigated. Spectopsc studies, viscosity
measurements together with fluorescense quenchmdgegectrochemical behavior
indicate that the [Ru(Clazpx).)]** complexes can bind to CT-DNA better than that
of [Ru(L).Clazpyf". Additionally, as the ancillary ligand varies frgshen, Clazpy to
bpy, the DNA binding affinity of their rutheniumjleomplexes declines.

i ]

NII
Ry, |
Ru
]
NNy
l 4
Cl

dlacy Clazpy ligands

ancillary bpy ligands ancillary phen ligands

Scheme 2 The structure of [Ru(LjClazpy)f* (L = bpy, phen, Clazpy)
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Moreover, the DNA binding affinity of [Ru(Clazpyazpy)f*and
[Ru(Clazpy}]** is slightly better than that of [Ru(Clazpfpy)* and
[Ru(Clazpyy(phen)f*. Thus, it is summarized that the effect of azoemiigand has
an influence to binding properties with CT-DNA. Thresults from viscosity showed
that [Ru(Clazpy)L)](X) 2 could be intercalate to DNA as partial intercalatmode
by n-rt stacking interaction binding base pair and alstutting generally electrostatic
of cationic ruthenium(ll) complexes with anionic BNand groove binding modes by
the large of molecules.

Preliminary evaluation of the cytotoxicity by mearighe 1G, value
with Anti-NCI-H187, KB and BC cell lines classifieelmost compounds as being
cytotoxic excepting [Ru(Clazpy)(5dmazpy)and [Ru(Ly(Clazpy)](X} (L = bpy,
phen; Pk, CI). From data, it is concluded that the complexegaiaed two Clazpy
ligands play a significant role to cytotoxic actyvin cancer cell lines. These data

agree well with the above biological experiments.
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Appendix A Cut off solvents

TableA.1 Solvent for UV-Visible spectrum and the minimuaduwes for

measurement in 1 mm of quazte cell

Solvents Cut off

Hexane 210

Benzene 280
Dichloromethane (CECly) 235
Chloroform (CHC}) 245
Acetronitrile (CHCN) 190
Acetone (CHOCH;) 330
Methanol (MeOH) 210
Ethanol (EtOH) 210

N,N-dimethylformamide (DMF) 270

N,N-dimethylsulphoxide (DMSO 265
Water (HO) 191

(Source: Gordon and Ford, 1972)



TableB.1 Bond length é) and bond angl€) of tcc-[Ru(Clazpy)Cly]

Appendix B Bond length ,é) and bond angl€)
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Bond length ,é)

Ru(1)-N(3)
Ru(1)-N(6)
Ru(1)-N(4)
Ru(1)-N(1)
Ru(1)-CI(1)
Ru(1)-CI(2)
N(1)-C(1)
N(1)-C(5)
N(2)-N(3)
N(2)-C(5)
N(3)-C(6)
N(4)-C(12)
N(4)-C(16)
N(5)-N(6)
N(5)-C(16)
N(6)-C(17)
CI(3)-C(2)
CI(4)-C(13)
C(1)-C(2)
C(1)-H(3)
C(2)-C(3)
C(3)-C(4)
C(3)-H(4)
C(4)-C(5)
C(4)-H(5)
C(6)-C(7)
C(6)-C(11)

1.9906(18)
1.9963(18)
2.0879(18)
2.1000(18)
2.3648(6)
2.3808(6)
1.331(3)
1.350(3)
1.292(3)
1.378(3)
1.439(3)
1.330(3)
1.351(3)
1.284(3)
1.377(3)
1.438(3)
1.725(2)
1.732(3)
1.383(3)
0.91(2)
1.375(4)
1.372(4)
0.96(3)
1.387(3)
0.88(3)
1.377(4)
1.385(4)

C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10)
C(11)-H(11)
C(12)-C(13)
C(12)-H(12)
C(13)-C(14)
C(14)-C(15)
C(14)-H(14)
C(15)-C(16)
C(15)-H(15)
C(17)-C(18)
C(17)-C(22)
C(18)-C(19)
C(18)-H(18)
C(19)-C(20)
C(19)-H(19)
C(20)-C(21)
C(20)-H(20)
C(21)-C(22)
C(21)-H(21)
C(22)-H(22)

1.389(4)
0.88(3)
1.377(5)
0.92(3)
1.368(5)
0.91(3)
1.384(4)
0.93(3)
0.88(3)
1.376(3)
0.88(3)
1.372(4)
1.371(4)
0.91(3)
1.395(3)
0.93(3)
1.378(4)
1.384(4)
1.371(4)
0.89(3)
1.363(5)
0.95(3)
1.376(6)
0.98(5)
1.389(5)
0.89(3)
0.87(3)
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Bond angle )
N(3)-Ru(1)-N(6)
N(3)-Ru(1)-N(4)
N(6)-Ru(1)-N(4)
N(3)-Ru(1)-N(2)
N(6)-Ru(1)-N(2)
N(4)-Ru(1)-N(1)
N(3)-Ru(1)-CI(1)
N(6)-Ru(1)-CI(1)
N(4)-Ru(1)-ClI(1)
N(1)-Ru(1)-CI(1)
N(3)-Ru(1)-CI(2)
N(6)-Ru(1)-ClI(2)
N(4)-Ru(1)-ClI(2)
N(1)-Ru(1)-CI(2)
Cl(1)-Ru(1)-Cl(2)
C(1)-N(1)-C(5)
C(1)-N(1)-Ru(2)
C(5)-N(1)-Ru(2)
N(3)-N(2)-C(5)
N(2)-N(3)-C(6)
N(2)-N(3)-Ru(1)
C(6)-N(3)-Ru(1)
C(12)-N(4)-C(16)
C(12)-N(4)-Ru(2)
C(16)-N(4)-Ru(2)
N(6)-N(5)-C(16)
N(5)-N(6)-C(17)
N(5)-N(6)-Ru(1)

105.14(8)
177.73(7)
75.22(8)
75.70(7)
179.14(7)
103.95(7)
89.85(6)
94.91(5)
87.89(5)
85.25(5)
96.03(6)
89.73(5)
86.20(5)
90.01(5)
171.32(2)
117.67(19)
131.12(15)
110.75(15)
112.83(18)
110.23(18)
120.12(15)
129.51(14)
118.1(2)
130.18(16)
111.66(16)
112.32(19)
110.05(18)
120.64(15)

C(17)-N(6)-Ru(1)
N(1)-C(1)-C(2)
N(1)-C(1)-H(3)
C(2)-C(1)-H(3)
C(3)-C(2)-C(2)
C(3)-C(2)-CI(3)
C(1)-C(2)-CI(3)
C(4)-C(3)-C(2)
C(4)-C(3)-H(4)
C(2)-C(3)-H(4)
C(3)-C(4)-C(5)
C(3)-C(4)-H(5)
C(5)-C(4)-H(5)
N(1)-C(5)-N(2)
N(1)-C(5)-C(4)
N(2)-C(5)-C(4)
C(7)-C(6)-C(11)
C(7)-C(6)-N(3)
C(11)-C(6)-N(3)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7)
C(8)-C(7)-H(7)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)

129.30(15)
122.5(2)
119.1(16)
118.5(16)
120.1(2)
120.82(19)
119.1(2)
117.7(2)
124.4(17)
117.9(17)
119.9(2)
124.5(17)
115.5(17)
117.8(2)
122.1(2)
119.9(2)
121.1(2)
119.0(2)
119.9(2)
118.7(3)
117.6(17)
123.6(17)
120.4(3)
121.0(18)
118.5(18)
120.3(3)
122(2)
118(2)
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Bond angle )
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(10)-C(11)-C(6)
C(10)-C(11)-H(11)
C(6)-C(11)-H(11)
N(4)-C(12)-C(13)
N(4)-C(12)-H(12)
C(13)-C(12)-H(12)
C(14)-C(13)-C(12)
C(14)-C(13)-Cl(4)
C(12)-C(13)-Cl(4)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
N(4)-C(16)-N(5)

120.3(3)
121.4(19)
118.2(19)
119.1(3)
122.3(17)
118.6(17)
122.1(2)
119.7(17)
118.2(17)
120.3(3)
121.9(2)
117.8(2)
118.3(2)
122(2)
120(2)
119.0(3)
124.5(18)
116.5(18)
117.8(2)

N(4)-C(16)-C(15)

N(5)-C(16)-C(15)

C(18)-C(17)-C(22)
C(18)-C(17)-N(6)

C(22)-C(17)-N(6)

C(19)-C(18)-C(17)
C(19)-C(18)-H(18)
C(17)-C(18)-H(18)
C(20)-C(19)-C(18)
C(20)-C(19)-H(19)
C(18)-C(19)-H(19)
C(19)-C(20)-C(21)
C(19)-C(20)-H(20)
C(21)-C(20)-H(20)
C(20)-C(21)-C(22)
C(20)-C(21)-H(21)
C(22)-C(21)-H(21)
C(17)-C(22)-C(21)
C(17)-C(22)-H(22)
C(21)-C(22)-H(22)

122.0(2)
119.8(2)
121.3(3)
118.6(2)
119.9(2)
119.3(3)
124(2)
116.7(19)
120.7(3)
121.8(19)
117.5(19)
120.1(3)
123(3)
117(3)
120.7(3)
123(2)
116(2)
117.9(3)
117.8(18)
124.3(18)

Symmetry transformations used to generate equivatems:
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TableB.2 Bond length ,é) and bond angl€) of ctc-[Ru(Clazpy)Cl,]

Bond length A)

Ru(1)-N(3) 1.9729(17) C(11)-H(11) 0.9300
Ru(1)-N(3)#1 1.9729(17)

Ru(1)-N(1) 2.0369(17) Bond angle 9

Ru(1)-N(1)#1 2.0369(17) N(3)-Ru(1)-N(3)#1 99.82(10)
Ru(1)-Cl(2) 2.4029(6) N(3)-Ru(1)-N(1) 76.73(7)
Ru(1)-Cl(1)#1 2.4030(6) N(3)#1-Ru(1)-N(1) 99.70(7)
Cl(2)-C(2) 1.723(2) N(3)-Ru(1)-N(1)#1 99.70(7)
N(1)-C(1) 1.342(3) N(3)#1-Ru(1)-N(1)#1 76.73(7)
N(1)-C(5) 1.360(3) N(1)-Ru(1)-N(1)#1 174.56(9)
N(2)-N(3) 1.283(2) N(3)-Ru(1)-ClI(1) 85.27(5)
N(2)-C(5) 1.387(3) N(3)#1-Ru(1)-Cl(1) 171.05(5)
N(3)-C(6) 1.441(3) N(1)-Ru(1)-Cl(1) 88.61(5)
C(1)-C(2) 1.380(3) N(1)#1-Ru(1)-Cl(1) 95.22(5)
C(1)-H(2) 0.9300 N(3)-Ru(1)-Cl(1)#1 171.05(5)
C(2)-C(3) 1.382(3) N(3)#1-Ru(1)-Cl(1)#1 85.27(5)
C(3)-C(4) 1.374(3) N(1)-Ru(1)-Cl(1)#1 95.22(5)
C(3)-H(3) 0.9300 N(1)#1-Ru(1)-Cl(1)#1 88.60(5)
C(4)-C(5) 1.383(3) CI(1)-Ru(1)-Cl(1)#1 90.69(3)
C(4)-H(4) 0.9300 C(1)-N(1)-C(5) 118.03(18)
C(6)-C(7) 1.377(3) C(1)-N(1)-Ru(1) 129.50(14)
C(6)-C(11) 1.380(3) C(5)-N(1)-Ru(1) 112.41(13)
C(7)-C(8) 1.398(4) N(3)-N(2)-C(5) 111.53(17)
C(7)-H(7) 0.9300 N(2)-N(3)-C(6) 113.38(17)
C(8)-C(9) 1.358(4) N(2)-N(3)-Ru(1) 121.15(14)
C(8)-H(8) 0.9300 C(6)-N(3)-Ru(1) 124.41(13)
C(9)-C(10) 1.369(4) N(1)-C(2)-C(2) 120.9(2)
C(9)-H(9) 0.9300 N(1)-C(21)-H(2) 119.5
C(10)-C(12) 1.382(3) C(2)-C(2)-H(1) 119.5
C(10)-H(10) 0.9300 C(1)-C(2)-C(3) 121.3(2)




Table B.2 (continued)
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Bond angle )
C(1)-C(2)-Cl(2) 119.17(19) C(6)-C(7)-C(8) 118.6(2)
C(3)-C(2)-Cl(2) 119.51(18) C(6)-C(7)-H(7) 120.7
C(4)-C(3)-C(2) 117.9(2) C(8)-C(7)-H(7) 120.7
C(4)-C(3)-H(3) 121.0 C(9)-C(8)-C(7) 120.2(2)
C(2)-C(3)-H(3) 121.0 C(9)-C(8)-H(8) 119.9
C(3)-C(4)-C(5) 118.9(2) C(7)-C(8)-H(8) 119.9
C(3)-C(4)-H(4) 120.5 C(8)-C(9)-C(10) 120.9(3)
C(5)-C(4)-H(4) 120.5 C(8)-C(9)-H(9) 119.5
N(1)-C(5)-C(4) 122.9(2) C(10)-C(9)-H(9) 119.5
N(1)-C(5)-N(2) 117.64(17) C(9)-C(10)-C(11) 119.9(3)
C(4)-C(5)-N(2) 119.46(19) C(9)-C(10)-H(10) 120.0
C(7)-C(6)-C(12) 121.0(2) C(11)-C(10)-H(10) 120.0
C(7)-C(6)-N(3) 120.1(2) C(6)-C(11)-C(10) 119.3(2)
C(11)-C(6)-N(3) 118.81(19) C(6)-C(11)-H(11) 120.4
C(10)-C(11)-H(11) 120.4

Symmetry transformations used to generate equivatems:
#1 -x+1,y,-z+1/2



TableB.3 Bond length ,é) and bond angl€) of ccc-[Ru(Clazpy}Cl]
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Bond length A)

Ru(1)-N(3)
Ru(1)-N(6)
Ru(1)-N(4)
Ru(1)-N(1)
Ru(1)-Cl(2)
Ru(1)-Cl(1)
Ru(2)-N(9)
Ru(2)-N(12)
Ru(2)-N(10)
Ru(2)-N(7)
Ru(2)-CI(6)
Ru(2)-CI(5)
N(1)-C(5)
N(1)-C(1)
N(2)-N(3)
N(2)-C(5)
N(3)-C(6)
N(4)-C(12)
N(4)-C(16)
N(5)-N(6)
N(5)-C(16)
N(6)-C(17)
N(7)-C(23)
N(7)-C(27)
N(8)-N(9)
N(8)-C(27)
N(9)-C(28)
N(10)-C(34)

1.967(6)
1.977(7)
2.026(8)
2.075(6)
2.376(2)
2.395(2)
1.924(7)
2.010(6)
2.053(8)
2.063(7)
2.390(2)
2.392(2)
1.361(10)
1.391(9)
1.236(9)
1.413(11)
1.467(9)
1.297(11)
1.319(10)
1.304(10)
1.453(10)
1.447(11)
1.299(10)
1.324(11)
1.344(9)
1.366(11)
1.419(11)
1.360(9)

N(10)-C(38)
N(11)-N(12)
N(11)-C(38)
N(12)-C(39)
CI(3)-C(2)
Cl(4)-C(13)
CI(7)-C(24)
CI(8)-C(35)
C(1)-C(2)
C(1)-H(1)
C(2)-C(3)
C(3)-C(4)
C(3)-H@®)
C(4)-C(5)
C(4)-H(4)
C(6)-C(11)
C(6)-C(7)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10)
C(11)-H(11)
C(12)-C(13)
C(12)-H(12)

1.393(10)
1.271(10)
1.320(12)
1.449(10)
1.736(9)
1.736(9)
1.725(7)
1.727(10)
1.299(11)
0.9300
1.342(13)
1.433(12)
0.9300
1.298(11)
0.9300
1.342(14)
1.409(12)
1.399(12)
0.9300
1.441(17)
0.9300
1.212(16)
0.9300
1.550(13)
0.9300
0.9300
1.389(12)
0.9300




Table B.3 (continued)
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Bond length A)

C(13)-C(14)
C(14)-C(15)
C(14)-H(14)
C(15)-C(16)
C(15)-H(15)
C(17)-C(18)
C(17)-C(22)
C(18)-C(19)
C(18)-H(18)
C(19)-C(20)
C(19)-H(19)
C(20)-C(21)
C(20)-H(20)
C(21)-C(22)
C(21)-H(21)
C(22)-H(22)
C(23)-C(24)
C(23)-H(23)
C(24)-C(25)
C(25)-C(26)
C(25)-H(25)
C(26)-C(27)
C(26)-H(26)
C(28)-C(33)
C(28)-C(29)
C(29)-C(30)
C(29)-H(29)
C(30)-C(31)

1.317(14)
1.393(13)
0.9300
1.381(12)
0.9300
1.342(14)
1.368(12)
1.348(14)
0.9300
1.408(14)
0.9300
1.318(15)
0.9300
1.419(14)
0.9300
0.9300
1.435(10)
0.9300
1.374(12)
1.318(12)
0.9300
1.457(11)
0.9300
1.315(13)
1.365(14)
1.271(13)
0.9300
1.51(2)

C(30)-H(30)
C(31)-C(32)
C(31)-H(31)
C(32)-C(33)
C(32)-H(32)
C(33)-H(33)
C(34)-C(35)
C(34)-H(34)
C(35)-C(36)
C(36)-C(37)
C(36)-H(36)
C(37)-C(38)
C(37)-H(37)
C(39)-C(40)
C(39)-C(44)
C(40)-C(41)
C(40)-H(40)
C(41)-C(42)
C(41)-H(41)
C(42)-C(43)
C(42)-H(42)
C(43)-C(44)
C(43)-H(43)
C(44)-H(44)
C(45)-C(46)
C(45)-H(45A)
C(45)-H(45B)
C(45)-H(45C)
C(46)-C(47)

0.9300
1.20(2)
0.9300
1.368(14)
0.9300
0.9300
1.388(12)
0.9300
1.406(13)
1.355(13)
0.9300
1.401(12)
0.9300
1.387(11)
1.413(14)
1.336(14)
0.9300
1.411(15)
0.9300
1.341(14)
0.9300
1.410(13)
0.9300
0.9300
1.456(15)
0.9600
0.9600
0.9600
1.314(13)
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Table B.3 (continued)

Bond length A)

C(46)-C(51) 1.345(16) N(9)-Ru(2)-N(10) 93.1(3)
C(47)-C(48) 1.460(14) N(12)-Ru(2)-N(10) 76.9(3)
C(47)-H(47) 0.9300 N(9)-Ru(2)-N(7) 76.7(3)
C(48)-C(49) 1.449(12) N(12)-Ru(2)-N(7) 172.8(3)
C(48)-H(48) 0.9300 N(10)-Ru(2)-N(7) 98.6(3)
C(49)-C(50) 1.268(11) N(9)-Ru(2)-CI(6) 88.5(2)
C(49)-H(49) 0.9300 N(12)-Ru(2)-CI(6) 97.9(2)
C(50)-C(51) 1.422(17) N(10)-Ru(2)-CI(6) 174.7(2)
C(50)-H(50) 0.9300 N(7)-Ru(2)-CI(6) 86.7(2)
C(51)-H(51) 0.9300 N(9)-Ru(2)-CI(5) 170.1(2)
N(12)-Ru(2)-CI(5) 92.0(2)
Bond angle ) N(10)-Ru(2)-CI(5) 88.6(2)
N(3)-Ru(1)-N(6) 96.5(3) N(7)-Ru(2)-CI(5) 93.5(2)
N(3)-Ru(1)-N(4) 92.9(3) CI(6)-Ru(2)-CI(5) 90.62(9)
N(6)-Ru(1)-N(4) 76.1(3) C(5)-N(1)-C(2) 116.8(7)
N(3)-Ru(1)-N(1) 76.2(3) C(5)-N(1)-Ru(1) 111.9(5)
N(6)-Ru(1)-N(1) 171.2(3) C(1)-N(21)-Ru(1) 131.2(6)
N(4)-Ru(1)-N(2) 99.3(3) N(3)-N(2)-C(5) 113.2(6)
N(3)-Ru(2)-Cl(2) 88.6(2) N(2)-N(3)-C(6) 112.7(6)
N(6)-Ru(1)-ClI(2) 99.2(2) N(2)-N(3)-Ru(1) 122.5(5)
N(4)-Ru(1)-ClI(2) 175.1(2) C(6)-N(3)-Ru(1) 124.7(5)
N(1)-Ru(2)-ClI(2) 85.5(2) C(12)-N(4)-C(16) 114.3(7)
N(3)-Ru(2)-CI(1) 169.9(2) C(12)-N(4)-Ru(2) 130.7(6)
N(6)-Ru(1)-ClI(1) 93.6(2) C(16)-N(4)-Ru(1) 114.9(6)
N(4)-Ru(1)-ClI(1) 88.5(2) N(6)-N(5)-C(16) 107.7(6)
N(1)-Ru(2)-CI(1) 93.7(2) N(5)-N(6)-C(17) 109.8(6)
CI(2)-Ru(1)-ClI(1) 90.91(9) N(5)-N(6)-Ru(1) 123.3(6)

N(9)-Ru(2)-N(12) 97.8(3) C(17)-N(6)-Ru(1) 126.8(6)




Table B.3 (continued)
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Bond angle )
C(23)-N(7)-C(27)
C(23)-N(7)-Ru(2)
C(27)-N(7)-Ru(2)
N(9)-N(8)-C(27)
N(8)-N(9)-C(28)
N(8)-N(9)-Ru(2)
C(28)-N(9)-Ru(2)
C(34)-N(10)-C(38)
C(34)-N(10)-Ru(2)
C(38)-N(10)-Ru(2)
N(12)-N(11)-C(38)
N(11)-N(12)-C(39)
N(11)-N(12)-Ru(2)
C(39)-N(12)-Ru(2)
C(2)-C(1)-N(2)
C(2)-C(1)-H(2)
N(1)-C(1)-H(2)
C(1)-C(2)-C(3)
C(1)-C(2)-CI(3)
C(3)-C(2)-CI(3)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-N(1)
C(4)-C(5)-N(2)
N(1)-C(5)-N(2)

118.4(7)
129.3(6)
112.3(5)
109.9(7)
111.7(7)
121.6(6)
126.7(6)
121.9(7)
127.1(6)
111.0(6)
116.0(6)
112.1(6)
118.3(5)
129.4(5)
122.3(8)
119.0

118.8

121.3(9)
118.9(7)
119.8(6)
117.4(8)
121.4

121.2

119.9(9)
120.1

120.0

122.1(8)
121.9(8)
115.8(7)

C(11)-C(6)-C(7)
C(11)-C(6)-N(3)
C(7)-C(6)-N(3)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7)
C(8)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(6)-C(11)-C(10)
C(6)-C(11)-H(11)
C(10)-C(11)-H(11)
N(4)-C(12)-C(13)
N(4)-C(12)-H(12)
C(13)-C(12)-H(12)
C(14)-C(13)-C(12)
C(14)-C(13)-CI(4)
C(12)-C(13)-Cl(4)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14)
C(15)-C(14)-H(14)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)

127.6(8)
117.7(9)
114.4(8)
117.4(9)
121.3
121.4
119.1(9)
120.4
120.6
118.7(10)
120.8
120.5
129.0(11)
115.4
115.6
107.8(10)
126.1
126.1
126.2(8)
116.9
116.9
118.3(9)
121.0(7)
120.6(7)
118.9(8)
120.6
120.5
117.2(8)
121.4




Table B.3 (continued)
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Bond angle )
C(14)-C(15)-H(15)
N(4)-C(16)-C(15)
N(4)-C(16)-N(5)
C(15)-C(16)-N(5)
C(18)-C(17)-C(22)
C(18)-C(17)-N(6)
C(22)-C(17)-N(6)
C(19)-C(18)-C(17)
C(19)-C(18)-H(18)
C(17)-C(18)-H(18)
C(18)-C(19)-C(20)
C(18)-C(19)-H(19)
C(20)-C(19)-H(19)
C(21)-C(20)-C(19)
C(21)-C(20)-H(20)
C(19)-C(20)-H(20)
C(20)-C(21)-C(22)
C(20)-C(21)-H(21)
C(22)-C(21)-H(21)
C(17)-C(22)-C(21)
C(17)-C(22)-H(22)
C(21)-C(22)-H(22)
N(7)-C(23)-C(24)
N(7)-C(23)-H(23)
C(24)-C(23)-H(23)
C(25)-C(24)-C(23)
C(25)-C(24)-CI(7)
C(23)-C(24)-CI(7)
C(26)-C(25)-C(24)

121.5
125.1(8)
117.8(7)
117.0(7)
120.7(9)
121.9(8)
117.4(9)
119.1(9)
120.6
120.3
122.4(11)
118.7
119.0
118.1(9)
120.9
121.0
120.2(9)
119.9
119.8
119.4(9)
120.3
120.3
120.4(8)
119.9
119.7
121.0(7)
120.1(6)
119.0(7)
119.0(7)

C(26)-C(25)-H(25)
C(24)-C(25)-H(25)
C(25)-C(26)-C(27)
C(25)-C(26)-H(26)
C(27)-C(26)-H(26)
N(7)-C(27)-N(8)
N(7)-C(27)-C(26)
N(8)-C(27)-C(26)
C(33)-C(28)-C(29)
C(33)-C(28)-N(9)
C(29)-C(28)-N(9)
C(30)-C(29)-C(28)
C(30)-C(29)-H(29)
C(28)-C(29)-H(29)
C(29)-C(30)-C(31)
C(29)-C(30)-H(30)
C(31)-C(30)-H(30)
C(32)-C(31)-C(30)
C(32)-C(31)-H(31)
C(30)-C(31)-H(31)
C(31)-C(32)-C(33)
C(31)-C(32)-H(32)
C(33)-C(32)-H(32)
C(28)-C(33)-C(32)
C(28)-C(33)-H(33)
C(32)-C(33)-H(33)
N(10)-C(34)-C(35)
N(10)-C(34)-H(34)
C(35)-C(34)-H(34)
C(34)-C(35)-C(36)

120.6
120.5
117.3(9)
121.4
121.3
119.3(7)
123.6(8)
116.9(8)
112.7(9)
126.2(9)
121.0(9)
131.9(12)
114.1
114.0
109.1(12)
125.3
125.6
120.9(11)
119.8
119.3
123.6(13)
118.0
118.4
121.1(11)
119.5
119.4
116.6(7)
121.7
121.7
123.6(9)




Table B.3 (continued)
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Bond angle )

C(34)-C(35)-CI(8)
C(36)-C(35)-CI(8)
C(37)-C(36)-C(35)
C(37)-C(36)-H(36)
C(35)-C(36)-H(36)
C(36)-C(37)-C(38)
C(36)-C(37)-H(37)
C(38)-C(37)-H(37)
N(11)-C(38)-N(10)
N(11)-C(38)-C(37)
N(10)-C(38)-C(37)
C(40)-C(39)-C(44)
C(40)-C(39)-N(12)
C(44)-C(39)-N(12)
C(41)-C(40)-C(39)
C(41)-C(40)-H(40)
C(39)-C(40)-H(40)
C(40)-C(41)-C(42)
C(40)-C(41)-H(41)
C(42)-C(41)-H(41)
C(43)-C(42)-C(41)
C(43)-C(42)-H(42)
C(41)-C(42)-H(42)
C(42)-C(43)-C(44)
C(42)-C(43)-H(43)
C(44)-C(43)-H(43)
C(43)-C(44)-C(39)

116.7(7)
119.7(7)
117.6(8)
121.3
121.1
120.6(8)
119.6
119.7
117.7(7)
122.9(7)
119.4(8)
122.1(9)
121.9(8)
116.0(8)
119.2(9)
120.4
120.4
119.2(8)
120.4
120.4
123.6(8)
118.2
118.3
118.3(9)
120.7
121.0
117.6(9)

C(43)-C(44)-H(44)
C(39)-C(44)-H(44)
C(46)-C(45)-H(45A)
C(46)-C(45)-H(45B)

H(45A)-C(45)-H(45B)

C(46)-C(45)-H(45C)

H(45A)-C(45)-H(45C)
H(45B)-C(45)-H(45C)

C(47)-C(46)-C(51)
C(47)-C(46)-C(45)
C(51)-C(46)-C(45)
C(46)-C(47)-C(48)
C(46)-C(47)-H(47)
C(48)-C(47)-H(47)
C(49)-C(48)-C(47)
C(49)-C(48)-H(48)
C(47)-C(48)-H(48)
C(50)-C(49)-C(48)
C(50)-C(49)-H(49)
C(48)-C(49)-H(49)
C(49)-C(50)-C(51)
C(49)-C(50)-H(50)
C(51)-C(50)-H(50)
C(46)-C(51)-C(50)
C(46)-C(51)-H(51)
C(50)-C(51)-H(51)

121.1
121.3
109.6
109.4
109.5
109.5
109.5
109.5
127.0(11)
127.8(12)
105.2(13)
118.0(9)
121.0
121.0
115.3(7)
122.3
122.3
120.8(8)
119.6
119.6
124.5(8)
117.8
117.8
114.4(14)
122.8
122.8

Symmetry transformations used to generate equivatems:
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TableB.4 Bond length ,é) and bond angl€) of [Ru(Clazpy)(5dmazpy)G]

Bond length A)

Ru(1)-N(3)
Ru(1)-N(6)
Ru(1)-N(4)
Ru(1)-N(1)
Ru(1)-CI(1)
Ru(1)-CI(2)
N(1)-C(1)
N(1)-C(5)
N(2)-N(3)
N(2)-C(5)
N(3)-C(7)
N(4)-C(13)
N(4)-C(17)
N(5)-N(6)
N(5)-C(17)
N(6)-C(19)
N(7)-C(14)
N(7)-C(26)
N(7)-C(25)
C(1)-C(2)
C(1)-H(1)
C(2)-C(3)
C(2)-CI(3)
C(3)-C(4)
C(3)-H(3)
C(4)-C(5)
C(4)-H(4)
C(7)-C(8)
C(7)-C(12)

1.9420(18)
2.0050(18)
2.0298(17)
2.0390(18)
2.4002(6)
2.4208(6)
1.341(3)
1.353(3)
1.299(3)
1.379(3)
1.439(3)
1.329(3)
1.364(3)
1.289(2)
1.366(3)
1.432(3)
1.356(3)
1.440(4)
1.450(4)
1.374(3)
0.86(2)
1.381(5)
1.722(3)
1.347(6)
0.77(4)
1.393(4)
0.83(3)
1.369(4)
1.377(4)

C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-H(11)
C(12)-H(12)
C(13)-C(14)
C(13)-H(13)
C(14)-C(15)
C(15)-C(16)
C(15)-H(15)
C(16)-C(17)
C(16)-H(16)
C(19)-C(20)
C(19)-C(24)
C(20)-C(21)
C(20)-H(20)
C(21)-C(22)
C(21)-H(21)
C(22)-C(23)
C(22)-H(22)
C(23)-C(24)
C(23)-H(23)
C(24)-H(24)

C(25)-H(251)
C(25)-H(252)

1.374(4)
0.90(3)
1.370(5)
0.91(3)
1.357(6)
0.95(4)
1.383(5)
0.84(4)
0.86(3)
1.416(3)
0.94(2)
1.411(3)
1.364(4)
0.97(3)
1.397(3)
0.88(3)
1.374(4)
1.382(3)
1.391(4)
0.92(3)
1.360(6)
0.95(3)
1.362(6)
0.94(5)
1.375(4)
0.74(4)
0.92(3)
1.06(6)
1.00(4)




TableB.4 (Continued)
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Bond length &)
C(25)-H(253)
C(26)-H(261)
C(26)-H(262)
C(26)-H(263)

Bond angle®)
N(3)-Ru(1)-N(6)
N(3)-Ru(1)-N(4)
N(6)-Ru(1)-N(4)
N(3)-Ru(1)-N(2)
N(6)-Ru(1)-N(2)
N(4)-Ru(1)-N(1)
N(3)-Ru(1)-Cl(1)
N(6)-Ru(1)-ClI(1)
N(4)-Ru(2)-ClI(1)
N(1)-Ru(1)-ClI(1)
N(3)-Ru(1)-Cl(2)
N(6)-Ru(1)-ClI(2)
N(4)-Ru(2)-ClI(2)
N(1)-Ru(1)-Cl(2)
CI(1)-Ru(1)-Cl(2)
C(1)-N(1)-C(5)
C(1)-N(1)-Ru(1)
C(5)-N(1)-Ru(1)
N(3)-N(2)-C(5)
N(2)-N(3)-C(7)
N(2)-N(3)-Ru(1)
C(7)-N(3)-Ru(1)
C(13)-N(4)-C(17)

0.95(4)
1.06(6)
0.79(5)
0.90(5)

100.03(7)
96.00(7)
76.82(7)
76.85(8)

101.61(7)

172.39(7)
87.50(6)

169.35(5)
95.01(5)
87.36(6)

172.90(6)
83.51(5)
90.78(5)
96.46(6)
89.85(2)

118.7(2)

129.45(17)

111.84(17)

111.00(19)

115.10(19)

121.28(17)

123.15(14)

119.67(18)

C(13)-N(4)-Ru(1)
C(17)-N(4)-Ru(1)
N(6)-N(5)-C(17)
N(5)-N(6)-C(19)
N(5)-N(6)-Ru(1)
C(19)-N(6)-Ru(1)
C(14)-N(7)-C(26)
C(14)-N(7)-C(25)
C(26)-N(7)-C(25)
N(1)-C(1)-C(2)
N(1)-C(1)-H(1)
C(2)-C(1)-H(1)
C(1)-C(2)-C(3)
C(1)-C(2)-CI(3)
C(3)-C(2)-CI(3)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(3)-C(4)-C(5)
C(3)-C(4)-H(4)
C(5)-C(4)-H(4)
N(1)-C(5)-N(2)
N(1)-C(5)-C(4)
N(2)-C(5)-C(4)
C(8)-C(7)-C(12)
C(8)-C(7)-N(3)
C(12)-C(7)-N(3)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)

127.54(14)
112.54(14)
112.81(18)
113.86(18)
119.03(14)
125.86(14)
122.0(3)
121.2(2)
116.8(3)
121.2(3)
118.0(16)
120.7(16)
120.4(3)
119.2(3)
120.4(2)
118.4(3)
123(3)
118(3)
120.1(3)
128(2)
112(2)
117.8(2)
121.2(3)
121.0(3)
120.5(3)
119.3(2)
119.9(2)
119.8(3)
117.8(19)
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Bond angle )
C(9)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(7)-C(12)-C(11)
C(7)-C(12)-H(12)
C(11)-C(12)-H(12)
N(4)-C(13)-C(14)
N(4)-C(13)-H(13)
C(14)-C(13)-H(13)
N(7)-C(14)-C(15)
N(7)-C(14)-C(13)
C(15)-C(14)-C(13)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(15)-C(16)-C(17)
C(15)-C(16)-H(16)
C(17)-C(16)-H(16)
N(4)-C(17)-N(5)
N(4)-C(17)-C(16)
N(5)-C(17)-C(16)
C(20)-C(19)-C(24)

122.3(19)
120.2(3)
116(2)
124(2)
119.5(3)
118(2)
122(2)
121.4(3)
124(3)
115(3)
118.4(3)
122(2)
120(2)
122.9(2)
116.1(14)
121.0(14)
122.8(2)
120.7(2)
116.5(2)
120.2(2)
120.7(16)
119.1(16)
120.1(2)
122.5(18)
117.2(18)
117.94(18)
120.4(2)
121.5(2)
120.5(2)

C(20)-C(19)-N(6)

C(24)-C(19)-N(6)

C(19)-C(20)-C(21)
C(19)-C(20)-H(20)
C(21)-C(20)-H(20)
C(22)-C(21)-C(20)
C(22)-C(21)-H(21)
C(20)-C(21)-H(21)
C(21)-C(22)-C(23)
C(21)-C(22)-H(22)
C(23)-C(22)-H(22)
C(22)-C(23)-C(24)
C(22)-C(23)-H(23)
C(24)-C(23)-H(23)
C(23)-C(24)-C(19)
C(23)-C(24)-H(24)
C(19)-C(24)-H(24)
N(7)-C(25)-H(251)
N(7)-C(25)-H(252)

H(251)-C(25)-H(252)

N(7)-C(25)-H(253)

H(251)-C(25)-H(253)
H(252)-C(25)-H(253)

N(7)-C(26)-H(261)
N(7)-C(26)-H(262)

H(261)-C(26)-H(262)

N(7)-C(26)-H(263)

119.4(2)
120.1(2)
119.2(3)
117.7(18)
122.9(19)
120.0(4)
120(2)
120(2)
120.5(3)
109(3)
131(3)
120.6(3)
120(3)
119(3)
119.2(3)
124.2(17)
116.6(17)
107(3)
108(3)
103(3)
112(2)
111(4)
116(3)
101(3)
110(4)
98(5)
115(3)
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TableB.4 (Continued)

Bond angle )
H(261)-C(26)-H(263) 101(4)
H(262)-C(26)-H(263) 126(4)

Symmetry transformations used to generate equivatems:
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TableB.5 Bond length lé) and bond angl€) of [Ru(Clazpy)(phen)](Pk)2

Bond length A)

Ru(1)-N(6)
Ru(1)-N(3)
Ru(1)-N(1)
Ru(1)-N(4)
Ru(1)-N(8)
Ru(1)-N(7)
CI(1)-C(2)
CI(2)-C(13)
N(1)-C(1)
N(1)-C(5)
N(2)-N(3)
N(2)-C(5)
N(3)-C(6)
N(4)-C(12)
N(4)-C(16)
N(5)-N(6)
N(5)-C(16)
N(6)-C(17)
N(7)-C(23)
N(7)-C(34)
N(8)-C(32)
N(8)-C(33)
C(1)-C(2)
C(1)-H(1)
C(2)-C(3)
C(3)-C(4)
C(3)-H(2)
C(4)-C(5)
C(4)-H@3)

1.993(4)
2.003(4)
2.051(4)
2.071(4)
2.092(4)
2.100(4)
1.710(6)
1.716(5)
1.352(6)
1.356(6)
1.286(5)
1.390(6)
1.449(6)
1.358(6)
1.362(6)
1.287(5)
1.383(6)
1.450(6)
1.330(7)
1.372(6)
1.338(7)
1.352(6)
1.380(7)
0.93(5)

1.372(8)
1.374(9)
1.06(6)

1.377(7)
0.88(5)

C(6)-C(11)
C(6)-C(7)
C(7)-C(8)
C(7)-H(4)
C(8)-C(9)
C(8)-H(5)
C(9)-C(10)
C(9)-H(6)
C(10)-C(11)
C(10)-H(7)
C(11)-H(8)
C(12)-C(13)
C(12)-H(9)
C(13)-C(14)
C(14)-C(15)
C(14)-H(10)
C(15)-C(16)
C(15)-H(11)
C(17)-C(18)
C(17)-C(22)
C(18)-C(19)
C(18)-H(12)
C(19)-C(20)
C(19)-H(13)
C(20)-C(21)
C(20)-H(14)
C(21)-C(22)
C(21)-H(15)
C(22)-H(16)

1.374(7)
1.376(7)
1.374(8)
0.88(5)
1.365(9)
0.99(6)
1.369(9)
0.81(6)
1.380(9)
1.12(6)
0.93(5)
1.367(7)
0.98(5)
1.367(8)
1.397(8)
0.95(7)
1.367(7)
0.92(6)
1.375(8)
1.387(7)
1.369(8)
0.79(5)
1.377(9)
1.02(6)
1.363(10)
0.95(6)
1.388(8)
0.97(6)
0.95(5)




Table B.5 (continued)

364

Bond length A)

C(23)-C(24)
C(23)-H(17)
C(24)-C(25)
C(24)-H(18)
C(25)-C(26)
C(25)-H(19)
C(26)-C(34)
C(26)-C(27)
C(27)-C(28)
C(27)-H(20)
C(28)-C(29)
C(28)-H(21)
C(29)-C(30)
C(29)-C(33)
C(30)-C(31)
C(30)-H(22)
C(31)-C(32)
C(31)-H(23)
C(32)-H(24)
C(33)-C(34)
P(1)-F(2)
P(1)-F(5)
P(1)-F(6)
P(1)-F(3)
P(1)-F(4)
P(1)-F(1)
P(2)-F(8)
P(2)-F(11)
P(2)-F(9)

1.397(9)
0.89(5)
1.348(10)
0.85(6)
1.393(9)
0.94(6)
1.395(7)
1.438(9)
1.337(10)
0.89(6)
1.415(9)
0.85(6)
1.407(9)
1.413(7)
1.352(9)
0.93(6)
1.390(8)
0.94(7)
0.84(5)
1.411(7)
1.516(6)
1.518(6)
1.522(6)
1.534(7)
1.562(5)
1.574(5)
1.567(4)
1.571(5)
1.575(4)

P(2)-F(12)
P(2)-F(7)
P(2)-F(10)

Bond angle )
N(6)-Ru(1)-N(3)
N(6)-Ru(1)-N(1)
N(3)-Ru(1)-N(2)
N(6)-Ru(1)-N(4)
N(3)-Ru(1)-N(4)
N(1)-Ru(1)-N(4)
N(6)-Ru(1)-N(8)
N(3)-Ru(1)-N(8)
N(1)-Ru(1)-N(8)
N(4)-Ru(1)-N(8)
N(6)-Ru(1)-N(7)
N(3)-Ru(1)-N(7)
N(1)-Ru(1)-N(7)
N(4)-Ru(1)-N(7)
N(8)-Ru(1)-N(7)
C(1)-N(1)-C(5)
C(1)-N(1)-Ru(2)
C(5)-N(1)-Ru(2)
N(3)-N(2)-C(5)
N(2)-N(3)-C(6)
N(2)-N(3)-Ru(1)
C(6)-N(3)-Ru(1)
C(12)-N(4)-C(16)
C(12)-N(4)-Ru(2)

1.576(4)
1.581(4)
1.598(4)

101.85(16)
96.48(16)
76.37(16)
76.27(16)

176.94(16)

101.34(15)
93.29(16)
96.96(16)

169.12(15)
85.61(15)

169.23(15)
86.42(15)
92.14(15)
95.74(15)
78.74(16)

118.2(4)

129.3(4)

112.3(3)

111.8(4)

113.4(4)

120.4(3)

125.4(3)

117.6(4)

130.4(3)
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Table B.5 (continued)

Bond angle )

C(16)-N(4)-Ru(2) 111.8(3) C(8)-C(7)-C(6) 119.7(6)
N(6)-N(5)-C(16) 112.7(4) C(8)-C(7)-H(4) 123(4)
N(5)-N(6)-C(17) 111.4(4) C(6)-C(7)-H(4) 117(4)
N(5)-N(6)-Ru(1) 120.4(3) C(9)-C(8)-C(7) 119.0(6)
C(17)-N(6)-Ru(2) 127.7(3) C(9)-C(8)-H(5) 113(4)
C(23)-N(7)-C(34) 117.6(5) C(7)-C(8)-H(5) 128(4)
C(23)-N(7)-Ru(1) 129.3(4) C(8)-C(9)-C(10) 121.8(6)
C(34)-N(7)-Ru(2) 113.0(3) C(8)-C(9)-H(6) 118(4)
C(32)-N(8)-C(33) 118.4(5) C(10)-C(9)-H(6) 120(4)
C(32)-N(8)-Ru(1) 127.9(4) C(9)-C(10)-C(11) 119.5(6)
C(33)-N(8)-Ru(1) 113.7(3) C(9)-C(10)-H(7) 123(3)
N(1)-C(2)-C(2) 120.5(5) C(11)-C(10)-H(7) 117(3)
N(1)-C(1)-H(2) 121(3) C(6)-C(11)-C(10) 118.8(6)
C(2)-C(1)-H(1) 118(3) C(6)-C(11)-H(8) 114(3)
C(3)-C(2)-C(1) 121.4(5) C(10)-C(11)-H(8) 127(3)
C(3)-C(2)-Cl(1) 120.3(4) N(4)-C(12)-C(13) 121.0(5)
C(1)-C(2)-ClI(1) 118.4(5) N(4)-C(12)-H(9) 112(3)
C(2)-C(3)-C(4) 118.0(5) C(13)-C(12)-H(9) 127(3)
C(2)-C(3)-H(2) 123(3) C(12)-C(13)-C(14) 121.7(5)
C(4)-C(3)-H(2) 119(3) C(12)-C(13)-CI(2) 119.2(4)
C(3)-C(4)-C(5) 119.3(6) C(14)-C(13)-CI(2) 119.0(4)
C(3)-C(4)-H(3) 124(3) C(13)-C(14)-C(15) 117.7(5)
C(5)-C(4)-H(3) 116(3) C(13)-C(14)-H(10) 121(4)
N(1)-C(5)-C(4) 122.6(5) C(15)-C(14)-H(10) 121(4)
N(1)-C(5)-N(2) 118.1(4) C(16)-C(15)-C(14) 118.8(5)
C(4)-C(5)-N(2) 119.3(5) C(16)-C(15)-H(11) 122(4)
C(11)-C(6)-C(7) 121.2(5) C(14)-C(15)-H(11) 119(4)
C(11)-C(6)-N(3) 119.1(5) N(4)-C(16)-C(15) 123.1(5)

C(7)-C(6)-N(3) 119.6(5) N(4)-C(16)-N(5) 117.5(4)
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Table B.5 (continued)

Bond angle )

C(15)-C(16)-N(5) 119.3(5) C(25)-C(26)-C(27) 123.5(6)
C(18)-C(17)-C(22) 120.6(5) C(34)-C(26)-C(27) 118.4(6)
C(18)-C(17)-N(6) 120.5(5) C(28)-C(27)-C(26) 120.7(7)
C(22)-C(17)-N(6) 118.9(5) C(28)-C(27)-H(20) 124(4)
C(19)-C(18)-C(17) 119.9(6) C(26)-C(27)-H(20) 115(4)
C(19)-C(18)-H(12) 119(4) C(27)-C(28)-C(29) 122.1(7)
C(17)-C(18)-H(12) 120(4) C(27)-C(28)-H(21) 121(4)
C(18)-C(19)-C(20) 119.7(7) C(29)-C(28)-H(21) 116(4)
C(18)-C(19)-H(13) 119(4) C(30)-C(29)-C(33) 116.4(6)
C(20)-C(19)-H(13) 121(4) C(30)-C(29)-C(28) 125.2(6)
C(21)-C(20)-C(19) 120.9(6) C(33)-C(29)-C(28) 118.5(6)
C(21)-C(20)-H(14) 122(4) C(31)-C(30)-C(29) 120.6(6)
C(19)-C(20)-H(14) 117(4) C(31)-C(30)-H(22) 127(4)
C(20)-C(21)-C(22) 120.1(6) C(29)-C(30)-H(22) 112(4)
C(20)-C(21)-H(15) 121(4) C(30)-C(31)-C(32) 119.5(6)
C(22)-C(21)-H(15) 119(4) C(30)-C(31)-H(23) 121(4)
C(17)-C(22)-C(21) 118.7(6) C(32)-C(31)-H(23) 119(4)
C(17)-C(22)-H(16) 118(3) N(8)-C(32)-C(31) 122.3(6)
C(21)-C(22)-H(16) 123(3) N(8)-C(32)-H(24) 118(4)
N(7)-C(23)-C(24) 122.2(6) C(31)-C(32)-H(24) 120(4)
N(7)-C(23)-H(17) 114(4) N(8)-C(33)-C(34) 117.6(5)
C(24)-C(23)-H(17) 124(4) N(8)-C(33)-C(29) 122.7(5)
C(25)-C(24)-C(23) 120.4(7) C(34)-C(33)-C(29) 119.7(5)
C(25)-C(24)-H(18) 129(4) N(7)-C(34)-C(26) 122.4(5)
C(23)-C(24)-H(18) 111(4) N(7)-C(34)-C(33) 116.9(4)
C(24)-C(25)-C(26) 119.3(6) C(26)-C(34)-C(33) 120.7(5)
C(24)-C(25)-H(19) 121(3) F(2)-P(1)-F(5) 176.3(6)
C(26)-C(25)-H(19) 120(3) F(2)-P(1)-F(6) 92.8(6)

C(25)-C(26)-C(34) 118.1(6) F(5)-P(1)-F(6) 90.8(5)




Table B.5 (continued)
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Bong angle )

F(2)-P(2)-F(3) 89.0(5)
F(5)-P(1)-F(3) 87.3(5)
F(6)-P(1)-F(3) 178.1(6)
F(2)-P(1)-F(4) 93.1(4)
F(5)-P(2)-F(4) 86.6(4)
F(6)-P(1)-F(4) 88.5(4)
F(3)-P(1)-F(4) 91.6(4)
F(2)-P(1)-F(2) 89.5(4)
F(5)-P(21)-F(2) 91.0(4)
F(6)-P(1)-F(2) 89.8(3)
F(3)-P(1)-F(2) 90.0(4)
F(4)-P(1)-F(1) 177.0(4)
F(8)-P(2)-F(11) 179.5(3)
F(8)-P(2)-F(9) 89.2(3)
F(11)-P(2)-F(9) 91.0(3)
F(8)-P(2)-F(12) 89.9(3)
F(11)-P(2)-F(12) 89.8(3)
F(9)-P(2)-F(12) 179.1(3)
F(8)-P(2)-F(7) 90.3(3)
F(11)-P(2)-F(7) 90.2(3)
F(9)-P(2)-F(7) 89.9(3)
F(12)-P(2)-F(7) 90.2(2)
F(8)-P(2)-F(10) 89.6(3)
F(11)-P(2)-F(10) 89.9(3)
F(9)-P(2)-F(10) 90.2(3)
F(12)-P(2)-F(10) 89.8(2)
F(7)-P(2)-F(10) 179.9(3)

Symmetry transformations used to generate equivatems:
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TableB.6 Bond length ,é) and bond angl€) of [Ru(Clazpy)}(azpy)](PF):

Bond length A)

Ru(1)-N(3)
Ru(1)-N(7)
Ru(1)-N(4)
Ru(1)-N(1)
Ru(1)-N(9)
Ru(1)-N(6)
N(1)-C(1)
N(1)-C(5)
N(2)-N(3)
N(2)-C(5)
N(3)-C(6)
N(4)-C(12)
N(4)-C(16)
N(5)-N(6)
N(5)-C(16)
N(6)-C(17)
N(7)-C(23)
N(7)-C(27)
N(8)-N(9)
N(8)-C(27)
N(9)-C(28)
C(1)-C(2)
C(1)-H(2)
C(2)-C(3)
C(2)-CI(1)
C(3)-C(4)
C(3)-H(3)
C(4)-C(5)
C(4)-H(4)

2.0381(19)
2.0541(19)
2.0588(18)
2.0598(19)
2.0697(19)
2.0741(19)
1.335(3)
1.358(3)
1.274(3)
1.394(3)
1.440(3)
1.335(3)
1.357(3)
1.280(3)
1.392(3)
1.440(3)
1.337(3)
1.354(3)
1.280(3)
1.392(3)
1.437(3)
1.382(4)
0.93(3)
1.374(5)
1.723(3)
1.365(5)
0.86(3)
1.388(4)
0.95(3)

C(6)-C(7)
C(6)-C(11)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10)
C(11)-H(11)
C(12)-C(13)
C(12)-H(12)
C(13)-C(14)
C(13)-CI(2)
C(14)-C(15)
C(14)-H(14)
C(15)-C(16)
C(15)-H(15)
C(17)-C(18)
C(17)-C(22)
C(18)-C(19)
C(18)-H(18)
C(19)-C(20)
C(19)-H(19)
C(20)-C(21)
C(20)-H(20)
C(21)-C(22)
C(21)-H(21)

1.383(4)
1.385(4)
1.375(4)
0.87(3)
1.378(4)
0.95(3)
1.373(5)
0.84(4)
1.383(4)
0.92(3)
0.91(3)
1.388(3)
0.92(2)
1.374(4)
1.720(2)
1.374(4)
0.90(3)
1.381(3)
0.90(3)
1.385(4)
1.390(4)
1.386(4)
0.91(3)
1.374(5)
0.86(4)
1.373(5)
0.88(4)
1.379(4)
0.92(3)




Table B.6 (continued)
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Bond length A)

C(22)-H(22)
C(23)-C(24)
C(23)-H(23)
C(24)-C(25)
C(24)-H(24)
C(25)-C(26)
C(25)-H(25)
C(26)-C(27)
C(26)-H(26)
C(28)-C(29)
C(28)-C(33)
C(29)-C(30)
C(29)-H(29)
C(30)-C(31)
C(30)-H(30)
C(31)-C(32)
C(31)-H(31)
C(32)-C(33)
C(32)-H(32)
C(33)-H(33)
P(1)-F(4)
P(1)-F(1A)
P(1)-F(2)
P(1)-F(3)
P(1)-F(6)
P(1)-F(5)
P(1)-F(1B)
P(2)-F(11A)
P(2)-F(12)

0.89(3)
1.379(4)
0.91(3)
1.368(5)
0.89(3)
1.370(5)
0.88(4)
1.380(4)
0.88(4)
1.379(4)
1.391(4)
1.379(4)
0.88(3)
1.371(5)
0.89(4)
1.366(5)
0.89(4)
1.372(5)
0.92(4)
0.84(3)
1.535(2)
1.551(10)
1.575(2)
1.575(3)
1.578(2)
1.590(2)
1.596(13)
1.560(8)
1.5826(19)

P(2)-F(10)
P(2)-F(9)
P(2)-F(8)
P(2)-F(7)
P(2)-F(11B)

Bond angle)
N(3)-Ru(1)-N(7)
N(3)-Ru(1)-N(4)
N(7)-Ru(1)-N(4)
N(3)-Ru(1)-N(2)
N(7)-Ru(1)-N(1)
N(4)-Ru(1)-N(1)
N(3)-Ru(1)-N(9)
N(7)-Ru(1)-N(9)
N(4)-Ru(1)-N(9)
N(1)-Ru(1)-N(9)
N(3)-Ru(1)-N(6)
N(7)-Ru(1)-N(6)
N(4)-Ru(1)-N(6)
N(1)-Ru(1)-N(6)
N(9)-Ru(1)-N(6)
C(1)-N(1)-C(5)
C(1)-N(2)-Ru(1)
C(5)-N(1)-Ru(1)
N(3)-N(2)-C(5)
N(2)-N(3)-C(6)
N(2)-N(3)-Ru(1)
C(6)-N(3)-Ru(1)

1.583(2)
1.583(2)
1.586(2)
1.5890(19)
1.625(12)

99.28(8)
95.78(8)
96.94(7)
75.85(8)
86.35(7)
171.44(7)
170.66(8)
76.31(8)
92.95(7)
95.51(8)
80.78(8)
172.97(7)
76.09(7)
100.43(8)
104.63(8)
118.2(2)
128.97(17)
112.85(16)
112.2(2)
115.19(19)
120.13(16)
123.35(15)




Table B.6 (continued)

370

Bond angle )
C(12)-N(4)-C(16)
C(12)-N(4)-Ru(1)
C(16)-N(4)-Ru(1)
N(6)-N(5)-C(16)
N(5)-N(6)-C(17)
N(5)-N(6)-Ru(1)
C(17)-N(6)-Ru(1)
C(23)-N(7)-C(27)
C(23)-N(7)-Ru(2)
C(27)-N(7)-Ru(1)
N(9)-N(8)-C(27)
N(8)-N(9)-C(28)
N(8)-N(9)-Ru(1)
C(28)-N(9)-Ru(1)
N(1)-C(1)-C(2)
N(1)-C(1)-H(1)
C(2)-C(1)-H(1)
C(3)-C(2)-C(2)
C(3)-C(2)-Cl(1)
C(1)-C(2)-ClI(1)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-H({3)
C(3)-C(4)-C(5)
C(3)-C(4)-H(4)
C(5)-C(4)-H(4)
N(1)-C(5)-C(4)
N(1)-C(5)-N(2)
C(4)-C(5)-N(2)

118.08(19)
128.64(16)
112.82(15)
113.50(19)
113.06(19)
118.07(15)
127.61(15)
117.6(2)
128.71(17)
113.59(16)
114.1(2)
112.5(2)
118.12(16)
128.89(16)
121.6(3)
119.1(17)
119.2(17)
120.5(3)
120.5(2)
119.0(2)
118.3(3)
124(2)
117(2)
119.5(3)
125(2)
115(2)
121.9(3)
118.2(2)
119.9(2)

C(7)-C(6)-C(11)
C(7)-C(6)-N(3)
C(11)-C(6)-N(3)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(10)-C(11)-C(6)
C(10)-C(11)-H(11)
C(6)-C(11)-H(11)
N(4)-C(12)-C(13)
N(4)-C(12)-H(12)
C(13)-C(12)-H(12)
C(14)-C(13)-C(12)
C(14)-C(13)-CI(2)
C(12)-C(13)-Cl(2)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14)
C(15)-C(14)-H(14)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)

121.1(2)
119.0(2)
119.6(2)
119.2(2)
119.9(19)
120.9(19)
120.2(3)
121(2)
119(2)
120.4(3)
119(3)
121(3)
120.4(3)
120(2)
119(2)
118.7(3)
122.9(18)
118.4(18)
121.2(2)
118.1(16)
120.6(16)
120.7(2)
120.15(19)
119.2(2)
118.2(2)
121.0(18)
120.8(18)
119.0(3)
122.6(17)




Table B.6 (continued)
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Bond angle )
C(16)-C(15)-H(15)
N(4)-C(16)-C(15)
N(4)-C(16)-N(5)
C(15)-C(16)-N(5)
C(18)-C(17)-C(22)
C(18)-C(17)-N(6)
C(22)-C(17)-N(6)
C(17)-C(18)-C(19)
C(17)-C(18)-H(18)
C(19)-C(18)-H(18)
C(20)-C(19)-C(18)
C(20)-C(19)-H(19)
C(18)-C(19)-H(19)
C(21)-C(20)-C(19)
C(21)-C(20)-H(20)
C(19)-C(20)-H(20)
C(20)-C(21)-C(22)
C(20)-C(21)-H(21)
C(22)-C(21)-H(21)
C(21)-C(22)-C(17)
C(21)-C(22)-H(22)
C(17)-C(22)-H(22)
N(7)-C(23)-C(24)
N(7)-C(23)-H(23)
C(24)-C(23)-H(23)
C(25)-C(24)-C(23)
C(25)-C(24)-H(24)
C(23)-C(24)-H(24)
C(24)-C(25)-C(26)

118.4(17)
122.7(2)
118.4(2)
118.9(2)
120.6(2)
118.8(2)
120.6(2)
119.4(3)
119.9(19)
120.6(19)
119.8(3)
125(3)
116(3)
120.7(3)
119(3)
120(3)
120.4(3)
117.6(19)
121.9(19)
119.0(3)
119.9(17)
120.7(17)
122.8(3)
116.9(17)
120.4(17)
119.1(3)
119(2)
121(2)
119.3(3)

C(24)-C(25)-H(25)
C(26)-C(25)-H(25)
C(25)-C(26)-C(27)
C(25)-C(26)-H(26)
C(27)-C(26)-H(26)
N(7)-C(27)-C(26)
N(7)-C(27)-N(8)
C(26)-C(27)-N(8)
C(29)-C(28)-C(33)
C(29)-C(28)-N(9)
C(33)-C(28)-N(9)
C(28)-C(29)-C(30)
C(28)-C(29)-H(29)
C(30)-C(29)-H(29)
C(31)-C(30)-C(29)
C(31)-C(30)-H(30)
C(29)-C(30)-H(30)
C(32)-C(31)-C(30)
C(32)-C(31)-H(31)
C(30)-C(31)-H(31)
C(31)-C(32)-C(33)
C(31)-C(32)-H(32)
C(33)-C(32)-H(32)
C(32)-C(33)-C(28)
C(32)-C(33)-H(33)
C(28)-C(33)-H(33)
F(4)-P(1)-F(1A)
F(4)-P(1)-F(2)
F(1A)-P(1)-F(2)

119(2)
122(2)
119.1(3)
123(2)
118(2)
122.1(3)
117.9(2)
119.9(3)
119.4(3)
120.0(2)
120.6(2)
119.8(3)
118(2)
122(2)
120.7(3)
119(2)
120(2)
119.4(3)
120(2)
120(2)
121.1(3)
118(2)
121(2)
119.6(3)
124(2)
117(2)
99.2(7)
178.1(2)
82.7(7)




Table B.6 (continued)
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Bond angle )
F(4)-P(1)-F(3)
F(1A)-P(1)-F(3)
F(2)-P(1)-F(3)
F(4)-P(1)-F(6)
F(1A)-P(1)-F(6)
F(2)-P(1)-F(6)
F(3)-P(1)-F(6)
F(4)-P(1)-F(5)
F(1A)-P(1)-F(5)
F(2)-P(1)-F(5)
F(3)-P(1)-F(5)
F(6)-P(1)-F(5)
F(4)-P(1)-F(1B)
F(1A)-P(1)-F(1B)
F(2)-P(1)-F(1B)
F(3)-P(1)-F(1B)
F(6)-P(1)-F(1B)
F(5)-P(1)-F(1B)
F(11A)-P(2)-F(12)

91.6(2)

168.7(7)

86.55(19)
89.88(17)
85.8(5)
90.37(15)
90.92(15)
91.15(16)
94.0(5)
88.60(14)
89.02(15)
178.97(15)
76.9(17)
24.3(12)
104.9(17)
166.8(17)
95.4(7)
84.8(7)
169.2(11)

F(11A)-P(2)-F(10)
F(12)-P(2)-F(10)
F(11A)-P(2)-F(9)
F(12)-P(2)-F(9)
F(10)-P(2)-F(9)
F(11A)-P(2)-F(8)
F(12)-P(2)-F(8)
F(10)-P(2)-F(8)
F(9)-P(2)-F(8)
F(11A)-P(2)-F(7)
F(12)-P(2)-F(7)
F(10)-P(2)-F(7)
F(9)-P(2)-F(7)
F(8)-P(2)-F(7)
F(11A)-P(2)-F(11B)
F(12)-P(2)-F(11B)
F(10)-P(2)-F(11B)
F(9)-P(2)-F(11B)
F(8)-P(2)-F(11B)
F(7)-P(2)-F(11B)

99.4(10)
90.00(13)
96.6(5)
88.32(13)
91.37(15)
83.2(10)
87.28(13)
176.97(15)
89.91(15)
84.5(5)
90.55(12)
88.81(12)
178.85(14)
89.86(13)
24.9(5)
165.8(12)
79.0(9)
83.1(10)
103.9(9)
98.1(10)

Symmetry transformations used to generate equivatems:
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TableB.7 Bond length lé) and bond angl€) of [Ru(Clazpy)(phen)](NQ),.3.5H0

Bond length A)

Rul-N22 2.004(4) C126-H126 0.95
Rul-N12 2.020(4) N211-C216 1.341(6)
Rul-N211 2.043(4) N211-C212 1.364(6)
Rul-N111 2.052(4) C212-N21 1.384(7)
Rul-N311 2.065(4) C212-C213 1.401(6)
Rul-N321 2.074(4) C213-C214 1.394(8)
N111-C116 1.338(6) C213-H213 0.95
NI111-C112 1.364(6) C214-C215 1.336(7)
Cl112-Cl113 1.385(7) C214-H214 0.95
Cl112-N11 1.385(7) C215-C216 1.408(6)
C113-Cl114 1.404(8) C215-Cl25 1.723(5)
Cl113-H113 0.95 C216-H216 0.95
Cl114-Cl115 1.358(8) N21-N22 1.284(5)
Cl14-H114 0.95 N22-C221 1.426(6)
C115-C116 1.406(7) C221-C226 1.390(7)
C115-Cl15 1.730(6) C221-C222 1.416(7)
Cl16-H116 0.95 C222-C223 1.393(7)
N11-N12 1.279(6) C222-H222 0.95
N12-C121 1.428(7) C223-C224 1.375(7)
Cl121-C122 1.378(7) C223-H223 0.95
C121-C126 1.396(8) C224-C225 1.401(8)
C122-C123 1.384(8) C224-H224 0.95
C122-H122 0.95 C225-C226 1.375(7)
C123-C124 1.369(9) C225-H225 0.95
C123-H123 0.95 C226-H226 0.95
C124-C125 1.412(9) N311-C316 1.338(6)
Cl124-H124 0.95 N311-C312 1.361(6)
C125-C126 1.357(8) C312 -C322 1.400(7)
C125-H125 0.95 C312-C313 1.412(7)




TableB.7 (continued)

Bond length A)

C314 -H314
C315-C316
C315-H315
C316-H316
C317-C327
C317-H317
N321-C326
N321-C322
C322-C323
C323-C324
C323-C327
C324-C325
C324-H324
C325-C326
C325-H325
C326-H326
C327-H327
N1-O13
N1-O12
N1-O11
N2-023
N2-O22
N2-O21
N3-033
N3-032
N3-0O31
C314-C315
C313-C314
C313-C317

0.95
1.415(8)
0.95

0.95
1.330(9)
0.95
1.349(7)
1.390(7)
1.419(7)
1.404(8)
1.412(8)
1.412(8)
0.95
1.402(7)
0.95

0.95

0.95
1.229(6)
1.237(6)
1.247(7)
1.171(10)
1.213(10)
1.227(10)
1.100(15)
1.331(17)
1.457(16)
1.355(7)
1.408(8)
1.431(8)

Bond angle )
N22-Rul-N12

N22-Rul-N211
N12-Rul-N211
N22-Rul-N111
N12-Rul-N111
N211-Rul-N111
N22-Rul-N311
N12-Rul-N311
N211-Rul-N311
N111-Rul-N311
N22-Rul-N321
N12-Rul-N321
N211-Rul-N321
N111-Rul-N321
N311-Rul-N321
Cl116-N111-C112
Cl116-N111-Rul
C112-N111-Rul
N111-C112-C113
N111-C112-N11
C113-C112-N11
Cl112-C113-C114
C112-C113-H113
C114-C113-H113
C115-C114-C113
Cl115-C114-H114
Cl113-C114-H114
Cl114-C115-Cl116
C114-C115-Cl15

84.20(16)
76.30(16)
100.36(16)
97.84(16)
75.92(17)
173.47(16)
99.09(16)
173.54(15)
85.86(15)
98.05(16)
174.36(15)
98.05(17)
98.17(15)
87.73(15)
79.20(16)
117.7(4)
128.9(3)
113.3(4)
122.5(5)
117.2(4)
120.3(5)
119.2(5)
120.4
120.4
118.0(5)
121

121
120.6(6)
120.8(4)




TableB.7 (continued)

Bond angle )
Cl116-C115-Cl15

NI111-C116-C115
N111-Cl16-H116
Cl115-Cl116-H116
N12-N11-C112
N11-N12-C121
N11-N12-Rul
C121-N12-Rul
C122-C121-C126
C122-C121-N12
C126-C121-N12
C121-C122-C123
C121-C122-H122
C123-C122-H122
C124-C123-C122
C124-C123-H123
C122-C123-H123
C123-C124-C125
C123-C124-H124
C125-C124-H124
C126-C125-C124
C126-C125-H125
C124-C125-H125
C125-C126-C121
C125-C126-H126
C121-C126-H126
C216-N211-C212
C216-N211-Rul
C212-N211-Rul

118.6(5)
121.9(5)
119
119
112.8(4)
113.5(4)
120.3(4)
125.2(3)
120.4(5)
119.3(5)
120.3(5)
119.6(6)
120.2
120.2
120.3(6)
119.9
119.9
120.0(6)
120
120
119.6(6)
120.2
120.2
120.1(6)
119.9
119.9
118.8(4)
128.6(3)
112.5(3)

N211-C212-N21
N211-C212-C213
N21-C212-C213
C214-C213-C212
C214-C213-H213
C212-C213-H213
C215-C214-C213
C215-C214-H214
C213-C214-H214
C214-C215-C216
C214-C215-ClI25
C216-C215-CI25
N211-C216-C215
N211-C216-H216
C215-C216-H216
N22-N21-C212
N21-N22-C221
N21-N22-Rul
C221-N22-Rul
C226-C221-C222
C226-C221-N22
C222-C221-N22
C223-C222-C221
C223-C222-H222
C221-C222-H222
C224-C223-C222
C224-C223-H223
C222-C223-H223
C223-C224-C225

118.5(4)
121.1(5)
120.4(5)
119.1(5)
120.4
120.4
119.1(5)
120.5
120.5
120.8(5)
121.1(4)
118.1(4)
121.0(5)
119.5
119.5
111.2(4)
113.6(4)
121.1(3)
124.3(3)
121.1(5)
120.3(5)
118.5(4)
117.8(5)
121.1
121.1
121.0(5)
119.5
119.5
120.2(5)




TableB.7 (continued)

Bond angle )
C223-C224-H224

C225-C224-H224
C226-C225-C224
C226-C225-H225
C224-C225-H225
C225-C226-C221
C225-C226-H226
C221-C226-H226
C316-N311-C312
C316-N311-Rul

C312-N311-Rul

N311-C312-C322
N311-C312-C313
C322-C312-C313
C314-C313-C312
C314-C313-C317
C312-C313-C317
C315-C314-C313
C315-C314-H314
C313-C314-H314
C314-C315-C316
C314-C315-H315
C316-C315-H315
N311-C316-C315
N311-C316-H316
C315-C316-H316
C327-C317-C313
C327-C317-H317
C313-C317-H317

119.9
119.9
120.2(5)
119.9
119.9
119.5(5)
120.3
120.3
117.9(4)
128.1(4)
114.0(3)
117.3(5)
123.6(5)
119.1(5)
116.6(5)
124.6(5)
118.8(5)
119.9(5)
120.1
120.1
120.2(5)
119.9
119.9
121.7(5)
119.1
119.1
120.7(6)
119.6
119.6

C326-N321-C322
C326-N321-Rul
C322-N321-Rul
N321-C322-C312
N321-C322-C323
C312-C322-C323
C324-C323-C327
C324-C323-C322
C327-C323-C322
C323-C324-C325
C323-C324-H324
C325-C324-H324
C326-C325-C324
C326-C325-H325
C324-C325-H325
N321-C326-C325
N321-C326-H326
C325-C326-H326
C317-C327-C323
C317-C327-H327
C323-C327-H327
O13-N1-012
0O13-N1011
O12-N1-011
023-N2-022
023-N2-021
022-N2-021
033-N3-032
033-N3-031

118.3(4)
128.5(4)
113.1(3)
116.2(4)
122.3(5)
121.4(5)
124.7(5)
118.2(5)
117.1(5)
119.1(5)
120.4
120.4
119.6(5)
120.2
120.2
122.5(5)
118.8
118.8
122.8(5)
118.6
118.6
119.4(7)
120.8(6)
119.8(6)
113.4(9)
128.3(9)
118.1(9)
99.7(15)
147.0(18)
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TableB.7 (Continued)

Bond angle )
032-N3-031 109.1(15)
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Appendix C Cyclic voltammograms

Couple |

Current @A)

-0.7 -0.8 -0.9 -1.0 -1.1 -1.2
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Couple Ru(Ih/(11)

Current @A)

I I I I

0.9 0.8 0.7 0.6 0.5 0.4 0.3

Potential (V)

Figure C.1 Cyclic voltammograms of couple I, [l and Ru(lI)¥in

tcc-[Ru(Clazpy)Cl,] by varying scan rate 50-500 mVt.s
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Current @A)

Current @A)

Current @A)

Couple |

—

-0.7 -0.8 -0.9 -1.0 -1.1

Couple Il

-1.1 -1.2 -1.3 -1.4 -1.5

Couple Ru(In/(mn

1.0 0.9 0.8 0.7 0.6 0.5 0.4

Potential (V)

Figure C.2 Cyclic voltammograms of couple I, Il and Ru(lI)¥in
cte-[Ru(Clazpy)Cl,] by varying scan rate 50-500 mVt.s
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| Couple |

Current @A)

-0.6 -0.7 -0.8 -0.9 -1.0 -1.1

| Couple ll

Current @A)

-1.1 -1.3 -1.5 =-1.7

| Couple Ru(ln/(I)

Current @A)

1 0.8 0.6 0.4

Potential (V)

Figure C.3 Cyclic voltammograms of couple [, [l and Ru(lI)¥in
cce-[Ru(Clazpy)Cly] by varying scan rate 50-500 mVt.s
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Figure C.4 Cyclic voltammograms of couple I, II, Il and RI(111) in

[Ru(Clazpy)(5dmazpy)Tby varying scan rate 50-500 mV*.s
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Figure C.5 Cyclic voltammograms of couple I, II, 111, IV, ¥nd Ru(11)/(1) in

[Ru(Clazpybpy)](PR)2 by varying scan rate 50-500 mV.s
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Figure C.6 Cyclic voltammograms of couple I, II, IIl, IV, Vina Ru(I)/(111) in

[Ru(Clazpyphen)](PR)2 by varying scan rate 50-500 mV.s
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Figure C.7 Cyclic voltammograms of couple I, II, Ill, IV, ¥nd VI in

[Ru(Clazpyazpy)](PF)- by varying scan rate 50-500 mV.s
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Figure C.8 Cyclic voltammograms of couple I, I, 111, IV, ¥nd Ru(11)/(1ll) in

[Ru(Clazpyl(PFs), by varying scan rate 50-500 mV.s
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Figure C.9 Cyclic voltammograms of couple I, II, Ill, IV arMin

[Ru(Clazpybpy)](NOs)..5H,0 by varying scan rate 50-500 mV.s
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Figure C.10 Cyclic voltammograms of couple I, II, 1ll, IV andin

[Ru(Clazpy(phen)](NQ),.3H,0 by varying scan rate 50-500 mV.s
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Figure C.11 Cyclic votammograms of couple I, II, lll, IV and

[Ru(Clazpy(azpy)](NQ)2.H,0 by varying scan rate 50-500 mV.s
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Figure C.12 Cyclic votammograms of couple I, II, lll, IV and

[Ru(ClazpyiNO3),.3H,0 by varying scan rate 50-500 mV.s
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Figure C.13 Cyclic votammograms of couple I, II, IlI, IV, V dRu(IN)/(111) in

[Ru(Clazpy(ppy)]Ch.7H,0 by varying scan rate 50-500 mV.s
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Figure C.14 Cyclic votammograms of couple I, I, 1ll, IV, V ariRu(11)/(1ll) in

[Ru(Clazpy(phen)]Ch.8H,0 by varying scan rate 50-500 mV.s
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Figure C.15 Cyclic votammograms of couple I, II, IlI, IV, V dRu(I)/(111) in

[Ru(Clazpy(azpy)]Ch.4H,0 by varying scan rate 50-500 mV.s
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Figure C.16 Cyclic votammograms of couple I, II, IlI, IV, V dRu(I)/(111) in

[Ru(ClazpyCl,.3H,0 by varying scan rate 50-500 mV.s
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Figure C.17 Cyclic votammograms of couple I, II, Il and IV in

[Ru(bpyiClazpy)](Pk). by varying scan rate 50-500 mV.s
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Figure C.18 Cyclic votammograms of couple I, Il, Il IV and W i

[Ru(phestClazpy)](Pk). by varying scan rate 50-500 mV.s
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Figure C.19 Cyclic votammograms of couple I, II, lll, IV ancuRIl)/(111) in

[Ru(bpyiClazpy)]Cb.7H,O by varying scan rate 50-500 mV.s
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